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Abstract

The pursuit of greater efficiency and performance drives advancements in the automotive
and motorsport industries, with active aerodynamics emerging as a promising approach
due to their ability to dynamically adapt aerodynamic characteristics to specific operat-
ing conditions. However, their development presents challenges, including the need for
practical yet accurate simulation methodologies, a deeper understanding of vehicle aero-
dynamics in dynamic conditions, and a comprehensive assessment of their performance
potential. This research addresses these challenges through interdependent studies. A
cost-effective Computational Fluid Dynamics (CFD) workflow is developed and vali-
dated against experimental and high-fidelity simulation data, complemented by a struc-
tured wind tunnel correlation process to ensure reliable aerodynamic predictions. Yaw
and cornering effects on flow field characteristics and aerodynamic performance are anal-
ysed using wind tunnel experiments and CFD simulations. Finally, active aerodynamic
configurations, including 2D systems capable of modulating aerodynamic balance longi-
tudinally and laterally, are designed and examined using minimum lap time simulations to
assess performance gains, optimal control strategies, and dependencies on vehicle setup.
The CFD workflow demonstrates high predictive accuracy across various aerodynamic
conditions, with the structured correlation process improving experimental data inter-
pretation and validation. However, conditions critically dominated by highly unsteady
flow phenomena require higher-fidelity simulations. Yaw and cornering conditions in-
duce significant flow field alterations, including underbody interference, enhanced upper
surface flow acceleration, and asymmetric wake structures, leading to substantial down-
force and drag penalties. Active aerodynamic systems provide significant performance
benefits across diverse scenarios, with 2D systems consistently outperforming conven-
tional designs by prioritising aerodynamic loads on underloaded tyres to improve total
grip. Overall, this research advances numerical methodologies, deepens understanding of
vehicle aerodynamics in dynamic conditions, and demonstrates the performance potential
of various active aerodynamic designs. The work establishes a foundation for optimis-
ing vehicle performance with active aerodynamic systems, supporting future research and
industry innovations in automotive and high-performance vehicle engineering.

i



Acknowledgements

I would like to express my sincere gratitude to the individuals who have supported and
contributed to the successful completion of this research. First and foremost, I would like
to thank Professor James Brighton for providing me with the opportunity to undertake
this PhD within the Advanced Vehicle Engineering Centre at Cranfield University.

I am especially grateful to my supervisor, Dr Tom-Robin Teschner, for his continuous
support and engagement throughout this research. His expert guidance in computational
fluid dynamics was instrumental in establishing a strong methodological foundation, and
his thoughtful feedback played a key role in shaping the quality of this work. I particularly
appreciated his genuine interest in the project and his consistent willingness to make time
for discussions. I would also like to thank my second supervisor, Dr Kim Blackburn,
whose input during our occasional meetings was equally appreciated.

I would like to thank Dr Anderson Ramos Proenca for his essential support in organis-
ing the wind tunnel experiments and processing the data, which formed a critical part
of this research. I am also grateful to Lynton Banks-Davies and Karl Gerhard for the
preparation of the experiments and technical support throughout the wind tunnel cam-
paigns. Special thanks go to Dr Efstathios Siampis for providing the initial minimum lap
time simulation framework and for his valuable input on vehicle modelling, which was
central to the performance-focused aspects of this work. Finally, I would like to acknowl-
edge the anonymous reviewers of my journal papers, whose constructive feedback helped
strengthen the publications and refine this thesis.

Lastly, I am truly grateful to my parents, sister, and partner for the continuous love and
support they have shown throughout my PhD journey. In particular, I would like to thank
my parents for inspiring me, believing in me, and encouraging me to pursue unique oppor-
tunities to achieve my goals. The continued guidance and motivation you have provided
throughout my life and during this PhD have truly meant a lot to me and will always stay
with me.

il



Table of Contents

Academic Integrity Declaration i
Abstract ii
Acknowledgements iii
Table of Contents iv
List of Figures X
List of Tables Xiv
List of Abbreviations XV
List of Symbols Xvi
1 Introduction 1
1.1 ConteXt . . . . . . . e e e e 1

1.2 Aimsand Objectives . . . . . . . . . ... Lo 4

1.3 Thesis Structure . . . . . . . . ... 5

1.4 Chapter Overview . . . . . . . . . . o it 6

1.5 Research Contributions . . . . . . . .. ... ... ... ... ... 8

1.6 Publications . . . . . . . . . . ... 10

2 Development of a CFD Workflow and Wind Tunnel Correlation Process 12
2.1 Introduction . . . . . . . . . . ... 13

2.2 Methodology . . . . . . . . .. 14
2.2.1 Vehicle Geometry . . . . . . . ... ... .. ..o 14

2.2.2 Experimental Validation Data . . . . . ... ... .. .. .... 15

2.2.3 Computational Fluid Dynamics Simulations . . . . . . . ... .. 15

2.2.3.1 Domains and Boundary Conditions . . . . ... .. .. 15

2.2.3.1.1  Wind Tunnel Installation . . ... ... ... 16

2.2.3.1.2  Open-Road Installations . . . . . . ... ... 17

2232 Mesh . . ... 18

22321 Description . . ... ............. 18

22322 Grid Convergence . . . . . . . .. ... ... 19

2.2.3.2.3 DDES - High Near-Wall Resolution Mesh . . 20

Y



2233 Solve . . . ... 20

22331 RANS ... ... ... 20

22332 DDES .. ... ... 21

2.2.4  Wind Tunnel Correlation Process . . . . .. ... ........ 21
2.2.4.1 Blockage Effect and Correction Methods . . . . . . . . 22

2.2.4.2  Overhead Measurement System Interference . . . . . . 22

2.3 Resultsand Discussion . . . . . . ... ... .. Lo 23
2.3.1 Turbulence Model Assessment . . . . . ... ... ........ 23
2.3.1.1 Force Coefficients . . . . .. ... ... ........ 24

2.3.1.2  Pressure Distribution . . . . . ... ... ....... 25

2.3.1.3 Slantand Spoiler. . . . . . ... ... ... ...... 28

23.1.4 Diffuser . ... ... .. 30

2315 Wake . . ... 32

2.3.1.6  Domain Sensitivity . . . . . .. .. ..o 34

2.3.1.7 Assessment Summary . . . . . . ... ... ... 34

2.3.2 Wind Tunnel Correlation Process . . . . ... ... ... .... 36
2.3.2.1 Blockage Effect . . . ... ... ... ... .. .... 36

2.3.2.2  Blockage Correction Methods . . . . . ... ... ... 38

2.3.2.3  Overhead Measurement System Interference . . . . . . 39

24 Conclusion . . . . . . ... e 40
References . . . . . . . . . . . 41

Aerodynamic Analysis and Turbulence Model Evaluation at Varying Ride

Heights 47
3.1 Introduction . . . . . .. . . . ... 48
3.2 Methodology . . . . . . . . ... 49
32.1 VehicleGeometry . . . . .. . ... ... ... . 49

3.2.2 Experimental ValidationData . . . . ... ... ... ...... 50

3.2.3 Computational Fluid Dynamics Simulations . . . . . . .. .. .. 50
3.2.3.1 Domain and Boundary Conditions . . . ... ... .. 50

3232 Mesh . ... .. 52

3233 Solve . . . . .. 53

3.3 Resultsand Discussion . . . . . .. ... .. ... ... ... 53
33.1 RANSvsDDES . ... ... ... ... .. 54

3.3.2 Ride Height Analysis . . . . .. ... ... ... ... ...... 57
3.3.2.1 Underbody Pressure Distribution . . .. ... ... .. 57

3.3.2.2 Multichannel Diffuser Flow . . . . . . ... ... ... 58

34 Conclusion . . . .. . . ... 61
References . . . . . . . . . . . L 62
Aerodynamic Analysis of Yaw Conditions 67
4.1 Introduction . . . . . . . . ... 68
4.2 Methodology . . . . . . . . .. .. 69
42.1 VehicleGeometry . . . . . . . .. .. ... oo 69



5

4.2.2 Wind Tunnel Experiments . . . . . . ... .. ... ....... 71

4.2.2.1 Cranfield University 8x6 Wind Tunnel . . .. ... .. 71

42.2.2 Aerodynamic Forces . . . . . .. ... ... ... ... 71

42.2.3 Wake Total Pressure . . . . ... ............ 72

4224 SurfacePressure . . . . . ... ... ... ....... 74

4.2.3  Computational Fluid Dynamics Simulations . . . . . . . ... .. 76
4.2.3.1 Domain and Boundary Conditions . . . . .. ... .. 76

4232 Mesh . ... ... 77

4233 Solve . ... ... ... 78

43 Validation . . . . ... ... .. 78
43.1 Aerodynamic Forces . . ... ... ... ... ... ....... 78

432 SurfacePressure . . . .. ... ... ... ... .. 80

433 Wake Total Pressure . . . . . ... ... ... .......... 80

434 Summary . . ... e e e e e 83

4.4 Resultsand Discussion . . . . . ... .. ... ... o 83
4.4.1 Aerodynamic Forces . . . .. ... ... ... ... ....... 83
4.4.1.1 LiftCoefficients . . . . .. ... ... ......... 83

4.4.1.2 DragCoefficients . . . . ... ... .......... 85

4.4.1.3 Side Force Coefficients . . . . .. ... ... ..... 86

442 FlowField .. ... ... ... ... ... . 86

4.4.3 Pressure Distribution . . . . .. ... ... ... ... 88
443.1 VehicleBody . ............... .. .... 88

4432 Slant . . ... 91

4433 RearWing . . . . .. ... .. oL 93

444 Wake Characteristics . . . . . . . . . . . v v v v it 94
4441 0°Yaw . . . . ... 94

4442 5°Yaw . . ... 95

4443 10°Yaw . . . ... 96

4444 15°Yaw . ... 96

4445 20°Yaw . ... 97

4.5 Conclusion . . . . . . . ... e 100
References . . . . . . . . . . . . 101
Aerodynamic Analysis of Cornering Conditions 107
5.1 Introduction . . . . . . . . ... 108
5.2 Methodology . . . . . . . . ... 109
5.2.1 VehicleGeometry . . . . . . .. ... ... ... ... 109

5.2.2 Operating Conditions . . . . . . . ... ... ... ... ... 110

5.2.3 Wind Tunnel Experiments . . . . .. ... ... ......... 111

5.2.4 Computational Fluid Dynamics Simulations . . . . . . . ... .. 113
5.2.4.1 Domain and Boundary Conditions . . . ... ... .. 113

5242 Mesh . . ... 115

5243 Solve . . . . ... 117

5244 Post-Processing . . .. ... ... ... ... ... 117

5.3 Validation . . . .. ... 117

Vi



5.4 Resultsand Discussion . . . . . . . . . . e e 119

5.4.1 Aerodynamic Forces . . . ... ... ... ... ... .. .... 119
5.4.2  Vehicle Aerodynamics . . . . . . . ... ... ... ... .. 121
5.4.3 Rear Wing Aerodynamics . . . . ... .. ... ... ...... 125
5.4.4 Rear Wing Interaction . . . . . ... ... ... ... .. ... 128
5.5 Conclusion . . . . . ... L 130
References . . . . . . . . . . . L 131

Aerodynamic and Steady-State Performance Analysis of Active Aerodynam-

ics During Cornering 135
6.1 Introduction . . . . . . .. ... 136
6.2 Methodology . . . . . . . .. .. ... 138
6.2.1 Vehicle Geometry . . . . . . . . .. ... ... ... ... 138

6.2.2 Wind Tunnel Experiments . . . . ... ... ........... 140

6.2.3 Operating Conditions . . . . . . . . .. ... ... ........ 141

6.2.4 Computational Fluid Dynamics Simulations . . . . . . . ... .. 141
6.2.4.1 Domain and Boundary Conditions . . . ... ... .. 141

6242 Mesh . ... ... .. ... 142

6243 Solve . . . .. ... 144

6.2.4.4 Post-Processing . .. ... ... .. .. ........ 145

6.2.5 Vehicle Dynamics Model . . . . . ... ... ... ........ 145
6.2.5.1 VehicleModel . . . .. ... ... ... .. .... 147

6.2.5.2 Centrifugal Force . ... ... ... ... ... .... 148

6.2.5.3  Vertical TyreForces . . . . . ... ... ... ..... 148

6.2.54 TyreModel . ... .. .. ............... 151

6.2.5.5 Tyre Characteristics . . . . . . . ... ... ...... 152

6.3 Resultsand Discussion . . . . . . . . ... . Lo 153
6.3.1 Baseline Vehicle Configuration. . . . . . ... ... ... .... 153

6.3.2 Active Aerodynamic Load Balancing Vehicle Concepts . . . . . . 156
6.3.2.1 Control Strategy . . . . . . ... .. ... ... .... 156

6.3.2.2 SplitRearWing . . . . ... ... ... .. ...... 158

6323 TiltRearWing . . . . . . .. .. ... 164

6.3.2.4  Split Rear Wing vs Tilt Rear Wing . . . . . . ... .. 170

6.4 Conclusion . . . . . .. .. 171
References . . . . . . . . . . . 172
Lap Time Performance Analysis of Active Aerodynamics 177
7.1 Introduction . . . . . . . ... 178
7.2 Methodology . . . . . . . .. . .. 180
7.2.1 Vehicle Geometry . . . . . . . ... ... ... 180

7.2.2  Computational Fluid Dynamics Simulations . . . . . . . ... .. 181
7.2.2.1 Domain and Boundary Conditions . . . ... ... .. 181

7222 Mesh ... ... 181

7223 Solve . . . ... 182

7.2.2.4  Aerodynamic Systems Interdependencies . . . . . . . . 183

vii



7.2.3 VehicleModel . .. ... ... . ... ... . 184

7231 Tyres . ... 186

7232 Load Transfer . . ... ... ... ........... 188

7.2.3.3 Aerodynamics . . . . .. ... ... 189

7234 Powertrain . . . . ... ... 191

7.2.4  Optimisation Framework . . . . . ... ... .. .. ....... 191
7.2.4.1 Optimal Control Problem . . . ... ... ....... 191

7.2.42 Non-Linear Programming . . . . . .. ... ... ... 193

7243 Setup . . . . ... 193

7.3 Resultsand Discussion . . . . .. .. ... L L Lo 195
7.3.1 Aerodynamic Performance . . . . . . ... ... ... .. .... 195

7.3.2  Vehicle Performance . . . . .. ... ... ... ... ... ... 197

7.3.3  Optimal Control of Aerodynamic Systems . . . . . .. ... ... 200

7.3.4 Vehicle Design Parameters . . . . . . . .. .. ... .. ..... 203

7.4 Conclusion . . . . .. .. 204
References . . . . . . . . . . . L 205

Lap Time Performance Analysis of Active Aerodynamics Combined With

Active Torque Distribution 210
8.1 Introduction . . . . . . . . . . ... 211
8.2 Methodology . . . . . . . . . . .. 212
8.2.1 Vehicle Geometry . . . . . . . . ... ... oL 212

8.2.2 VehicleModel . ... ... ... ... ... .. ... 213
8221 Tyres . . . . . .. 215

8.2.2.2 Aerodynamics . . .. ... ... ... ..., 217

8223 Powertrain . . . . . ... ... ... 219

8.2.3 Optimisation Framework . . . . . . .. .. ... ... ... ... 220

8.3 Resultsand Discussion . . . . . .. .. ... ... .. 222
8.3.1 Aerodynamic Performance . . . . .. ... ... ... ...... 222

832 LapTimes . ... ... ... ... 224

8.3.3 Vehicle Design Parameters . . . . . . ... ... ......... 224

8.3.4 Vehicle Performance . . . .. ... .. .. ... ... ..., 225

83.5 ControlInputs . . . ... ... ... ... 227

8.3.6 Tyre Characteristics . . . . . . . . . . .. ... ... 231

84 Conclusion . . . .. . ... 234
References . . . . . . . . . . . 235
General Discussion 240
9.1 Synthesis of ResearchPhases . . . . . . ... ... ... ... .. .... 240
9.1.1 Phase 1: Development of Methodological Foundation . . . . . . . 240
9.1.1.1 Approach . ... ... ... ... ... ..., 240

9.1.1.2 KeyFindings. . . . .. ... ... ... ... .... 241

9.1.1.3 Comparative Remarks . . . ... ............ 241

9.1.1.4 Summary. . . . .. .. ... 242

viii



9.1.2 Phase 2: Aerodynamic Analysis and Active Aerodynamic Design

Evaluation . . .. .. ... ... .. ... ... .. 242

9.1.2.1 Approach . .. ... ... .. .. .. .. ... 243

9122 KeyFindings. . . . ... ... ... ... ..., 243

9.1.23 Comparative Remarks . . . . . ... ... ... .... 244

9.1.24 Summary. . . . . . ... ... 245

9.1.3 Phase 3: Performance Optimisation and Analysis of Active

Aerodynamic Systems . . . . ... ... 246

9.13.1 Approach . ... ... ... ... ... ... ... 246

9132 KeyFindings. . . ... ... ... ... ... 246

9.1.3.3 Comparative Remarks . . . . ... ... ... ..... 247

9.1.34 Summary. . . .. ... .. 248

9.2 Research Contributions and Implications . . . . . ... ... ... .... 249
9.3 FutureWork . . . . . . .. L 252
10 Conclusion 254

X



List of Figures

2.1 Illustration of the DrivAer hp-F model. . . . . . . ... ... ... ...
2.2 Tllustration of the WT computational domain. . . . . . ... .. .. ...
2.3 TIllustration of the wTS computational domain. . . . . . . ... ... ...
2.4 Tllustration of the woTS computational domain. . . . . . ... ... ...
2.5 View of the medium-resolution mesh on the wTS installation. . . . . . .
2.6 Dynamic pressure comparison between the WT and wTS installations. . .
2.7 Lift and drag coefficient comparison on the WT installation. . . . . . . .
2.8 Lift and drag coefficient error on the WT installation. . . . . . . . . . ..
2.9 Upper body pressure distribution on the WT installation. . . . . . .. ..
2.10 Upper body pressure contours on the WT installation. . . . . . . .. ...
2.11 Underbody pressure distribution on the WT installation. . . . ... ...
2.12 Underbody pressure contours on the WT installation. . . . . . . ... ..
2.13 Streamwise velocity contours on the slant of the WT installation. . . . . .
2.14 Streamwise velocity profiles on the slant of the WT installation. . . . . .
2.15 Streamwise shear stress contours on the diffuser of the WT installation.
2.16 Streamwise velocity contours on the diffuser of the WT installation. . . .
2.17 Wake total pressure contours on the WT installation. . . . . . ... ...
2.18 Wake pressure losses and vertical position on the WT installation.

2.19 wTS installation forces normalised by WT installation results. . . . . . .
2.20 Surface pressure comparison between the WT and wTS installations.
2.21 Quantitative wake comparison between the WT and wTS installations. . .
2.22 Qualitative wake comparison between the WT and wTS installations.
2.23 Correction methods on lift and drag coefficients. . . . . . . . . ... ...
2.24 Flow field comparison between the wTS and woTS installations. . . . . .

3.1 TIlustration of the DrivAer hp-F model. . . . . . .. ... ... .....
3.2 Description of the multichannel diffuser. . . . . . . ... ... ... ...
3.3 Illustration of the computational wind tunnel domain. . . . . . . ... ..
34 Viewofthemeshstrategy . . . . . . . .. ... ... ... .. ...,
3.5 Comparison of lift and drag coefficients between RANS and DDES. . . .
3.6 Comparison of underbody pressure contours between RANS and DDES. .
3.7 Comparison of vorticity in the diffuser between RANS and DDES. . . . .
3.8 Pressure contours on the underbody. . . . . . ... ... ... .. .. ..
3.9 Pressure distribution along a near-symmetry line on the underbody. . . . .
3.10 Vorticity contours on frontal planes in the diffuser. . . . . . . . . ... ..
3.11 Streamwise shear stress contours on the diffuser. . . . . . . ... ... ..
3.12 Velocity contours on frontal planes in the diffuser. . . . . . .. ... ...



4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19

5.1
52
53
54
5.5
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20

[lustration of the DrivAer hp-F model configurations. . . . . . ... ..
Experimental setup in the 8x6 Wind Tunnel at Cranfield University.
Repeatability of the aerodynamic force measurements. . . . . . ... ..
Experimental setup for the wake total pressure measurements. . . . . . .
Repeatability of the wake total pressure measurements. . . . . . . .. ..
Locations of the surface pressure taps. . . . . . . . .. .. ... .....
Repeatability of the surface pressure measurements. . . . . . . . ... ..
[lustration of the computational wind tunnel domain. . . . . . ... . ..
View of the mesh strategy. . . . . . ... ... ... ... ...
Experimental and numerical aerodynamic force coefficients. . . . . . . .
Experimental and numerical surface pressure coefficient distributions.
Experimental and numerical wake total pressure coefficient distributions.
Experimental total lift, front axle lift, and rear axle lift coefficients. . . . .
Experimental drag and side force coefficients. . . . . . . . .. .. .. ..
Numerical flow field visualisations. . . . . . . .. .. ... ... .....
Numerical surface pressure coefficient distributions on the vehicle body. .
Experimental surface pressure coefficient distributions on the slant. . . . .
Numerical surface pressure coefficient distributions on the rear wing. . . .
Experimental total pressure coefficient distributions on wake planes. . . .

[lustration of the DrivAer hp-Fmodel. . . . . . .. ... ... .....
[lustration of a steady-state cornering condition. . . . .. ... ... ..
Moving ground setup in the 8x6 Wind Tunnel at Cranfield University.
Open-road computational domain with cornering boundary conditions. . .
Illustration of the computational wind tunnel domain. . . . . . . . .. ..
[lustration of the overset component mesh interfaces. . . . . . . .. . ..
Contour plot of element sizes in the open-road domain. . . . . . . .. ..
Lift and drag coefficient comparison from experiments and simulations.
Pressure distributions from open-road and wind tunnel simulations. . . . .
Lift coefficients for the vehicle andrear wing. . . . . . . . .. ... ...
Drag coefficients for the vehicle and rear wing. . . . . . . ... ... ..
Pressure coefficient distribution in straight-line conditions. . . . . . . . .
Pressure coefficient distribution in a 5.75L radius corner. . . . . . . . . .
Pressure coefficient distribution in a 2.9L radius corner. . . . . . . . . ..
Wake structure visualisations in straight-line and cornering. . . . . . . . .
Total pressure coefficient distribution and streamlines on wake planes. . .
Pressure coefficient distribution at the rear wing with vortex labels. . . . .
Pressure coefficient distribution on the rear wing’s upper surface. . . . . .
Pressure coefficient distribution on the rear wing’s lower surface. . . . . .
Pressure coefficient distribution on the vehicle’s upper surfaces. . . . . .

X1



6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23
6.24
6.25
6.26
6.27
6.28

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12

Flowchart of the chapter’s research process. . . . . . . .. .. ... ...
[lustration of the DrivAer hp-F configurations. . . . . . ... ... ...
Moving ground setup in the 8x6 Wind Tunnel at Cranfield University.
Computational domain with cornering boundary conditions. . . . . . . .
[lustration of the overset component mesh interfaces. . . . . . . . . . ..
Contour plot of element sizes near the vehicle. . . . . . . ... ... ...
Vehicle dynamics model workflow. . . . . . . ... ... ... .. ....
Schematic illustration of the vehicle model. . . . . . .. ... ... ...
Schematic illustration of lateral load transfer. . . . . . . ... ... ...
Lateral tyre force vs. slip angle and vertical load. . . . . . ... ... ..
Experimental results of aerodynamic forces on the baseline DrivAer hp-F.
Cornering performance of the baselineDrivAer hp-F. . . . . . . . .. ..
Lateral tyre forces for the baseline DrivAer hp-F. . . . . . . ... .. ..
Downforce coefficient map with highlighted operating lines and settings. .
Downforce and drag coefficients for the split rear wing concept. . . . . .
Pressure distribution on the split rear wing concept’s (5,5) state. . . . . .
Pressure distribution on the split rear wing concept’s (1,5) state. . . . . .
Downforce on in- and outside tyres of the split rear wing concept.
Aerodynamic roll moment coefficients for the split rear wing concept.
Maximum cornering velocities for the split rear wing concept. . . . . . .
Lateral tyre forces for the split rear wing concept. . . . . . . . . ... ..
Downforce and drag coefficients for the tilt rear wing concept. . . . . . .
Pressure distribution on the tilt rear wing concept’s (5,5) state. . . . . . .
Pressure distribution on the tilt rear wing concept’s (1,5) state. . . . . . .
Downforce on in- and outside tyres of the tilt rear wing concept. . . . . .
Aerodynamic roll moment coefficients for the tilt rear wing concept. . . .
Maximum cornering velocities for the tilt rear wing concept. . . . . . . .
Lateral tyre forces for the tilt rear wing concept. . . . . . . . . . ... ..

[lustration of the high-performance vehicle concept. . . . . . . ... ..
[lustration of the computational domain. . . . . . . . . ... ... ....
Contour plot of element sizes near the vehicle. . . . . . . ... ... ...
Aerodynamic systems interdependencies on lift, drag and side force. . . .
Schematic illustration of the vehicle model. . . . . . .. ... ... ...
Influence of step size on lap time and computation time. . . . . . . . . . .
Influence of individual elements on aerodynamic performance. . . . . . .
Influence of front and rear wing actuation on aerodynamic performance. .
Optimal racing line for configuration 1. . . . . . ... ... ... ....
Velocity, delta velocity, steering input, and wheel torque profiles. . . . . .
GG-diagrams of each configuration compared to configuration 1. . . . . .
Optimal aerodynamic control inputs and load transfer profiles. . . . . . .

Xii



8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13

Ilustration of the high-performance vehicle concept. . . . . . . ... .. 213
Schematic illustration of the vehicle model. . . . . . .. ... ... ... 214
Influence of individual elements on aerodynamic performance. . . . . . . 223
Optimal racing lines for C1 and C1-ATD. . . . .. .. ... ... .... 225
Understeer characteristics for all vehicle configurations. . . . . . . . . .. 226
Delta velocity profiles for all vehicle configurations. . . . . . . . ... .. 226
GG-diagrams for all vehicle configurations. . . . ... ... .. ..... 227
Steering angle and total wheel torque for all vehicle configurations. . . . . 228
Individual wheel torque profiles for C4-ATD. . . . ... ... ... ... 229
Aerodynamic control input profiles for all vehicle configurations. . . . . . 230
Tyre forces for the original and optimised nominal loads. . . . . . . . .. 231
GG-diagrams with original and optimised tyres. . . . . . . ... ... .. 233
Tyre forces during cornering exit acceleration and trail braking. . . . . . . 233

Xiii



List of Tables

2.1
22
2.3
24

3.1
32

4.1
4.2

5.1
5.2

6.1
6.2
6.3
6.4
6.5
6.6
6.7

7.1
7.2
7.3
7.4
7.5
7.6
7.7

8.1
8.2
8.3
8.4
8.5
8.6
8.7

Main dimensions of the DrivAer hp-Fmodel. . . . . ... ... ... .. 15
Overview of the wind tunnel air properties. . . . . . ... ... .. ... 16
Overview of the mesh properties. . . . . . . .. ... ... ... ..... 19
Grid convergence study results. . . . . . ... ... L. 20
Main dimensions of the DrivAer hp-F model. . . . . . . ... ... ... 50
Overview of the wind tunnel air properties. . . . . ... ... ... ... 52
Main dimensions of the DrivAer hp-F model. . . . . . .. .. ... ... 70
Overview of the reference operating conditions for CFD simulations. . . . 77
Main dimensions of the DrivAer hp-F model. . . . . . .. .. ... ... 110
Overview of the CFD simulation settings for the open-road domain. . . . 115
Main dimensions of the DrivAer hp-F configurations. . . . . . . . .. .. 140
Overview of the CFD simulation settings for each cornering condition. . . 143
Overview of the vehicle parameters. . . . . . . ... ... ... ..... 146
Overview of the tyre model coefficients. . . . . . .. ... ... ..... 151
Operating settings for the split frontwing. . . . . . ... ... ... ... 157
Operating settings for the splitrearwing. . . . . . . . ... ... .... 158
Operating settings for the tilt rear wing. . . . . . . ... ... ... ... 158
Overview of the CFD simulation settings. . . . . . . ... ... ..... 182
Overview of the vehicle parameters. . . . . . . ... ... ... ..... 185
Overview of the tyre model coefficients. . . . . . ... ... ... .... 188
Overview of the aerodynamic relationship coefficients. . . . . . ... .. 190
Overview of the rate limits and regularisation weight factors. . . . . . . . 194
Lap time results and aerodynamic settings for all vehicle configurations. . 197
Optimal vehicle design parameter results. . . . . . . ... . ... .... 203
Overview of the vehicle configurations. . . . . .. .. .. ... ..... 212
Overview of the vehicle parameters. . . . . . . ... .. ... ...... 215
Overview of the tyre model coefficients. . . . . . ... ... ... .... 217
Overview of the aerodynamic relationship coefficients. . . . . . .. . .. 219
Overview of the rate limits and regularisation weight factors. . . . . . . . 222
Lap time and optimal design parameter results. . . . . . . ... ... .. 224
Lap times with original and optimised tyres. . . . . . . . ... ... ... 232

Xiv



List of Abbreviations

2D
AALB
ATD
AWD
BL1
BL2
CFD
COG
CORD
COR
CTU
DDES
DES
DRS
Exp
GCI
IPOPT
LES
MAD
MLTP
NLP
OCP
oS
RANS
RE
RB
SRS
URANS
WT
WS
wTS
woTS

Two-Dimensional

Active Aerodynamic Load Balancing
Active Torque Distribution
All-Wheel-Drive

First Boundary Layer Suction System
Second Boundary Layer Suction System
Computational Fluid Dynamics
Centre of Gravity

Cranfield Online Research Data
Centre of Rotation

Convective Time Unit

Delayed Detached Eddy Simulation
Detached Eddy Simulation

Drag Reduction System

Experiment

Grid Convergence Index

Interior Point Optimizer

Large Eddy Simulation

Mean Absolute Deviation

Minimum Lap Time Problem
Non-Linear Program

Optimal Control Problem

Overhead Strut

Reynolds-Averaged Navier-Stokes
Richardson Extrapolation

Rolling Belt

Scale-Resolving Simulation
Unsteady Reynolds-Averaged Navier-Stokes
Wind Tunnel

Wheel Supports

with Top Strut

without Top Strut

XV



List of Symbols

Global Symbols
Symbol Description
Aref Vehicle reference area
brw Rear wing span
CRW Rear wing chord length
Cp Drag coefficient
CL Lift coefficient
Cg Side force coefficient
G Static pressure coefficient
Cor Total pressure coefficient
(6N Car scale
125} Drag force
F Lift force
Fs Side force
g Gravitational acceleration
H Vehicle height
ho Reference ride height
It Turbulent intensity
L Vehicle length
It Turbulent length scale
Pym Atmospheric pressure
Payn Dynamic pressure
Pop Operating pressure
P Static pressure
P, Total pressure
T Temperature
t Time
Us Freestream velocity
v Velocity

XVvi



Symbol

X, ¥, Z

<

S © =

Description

Vehicle width

Longitudinal, lateral, and vertical coordinates
Non-dimensional wall distance

Dynamic viscosity

Density

Angular velocity

Chapter-Specific Symbols

Chapter 2

Symbol

BN

Chapter 3

Symbol

h
Lp
U
X

Chapter 4

Symbol
0

Description

Corrected drag coefficient
Corrected lift coefficient
Discrete solution

Ride height

Average cell size

Number of cells

Order of accuracy
Corrected dynamic pressure
Measured dynamic pressure
Refinement factor

Non-dimensional time-step

Description

Ride height
Diffuser length
Flow velocity

Non-dimensional time-step

Description

Q-criterion

Xvii

Unit

kg/(m-s)
kg/m?
rad/s

Unit



Chapter 5

Symbol

R

Xes Ye

v

Chapter 6

Symbol

a

By, Cy, Dy, E,

d

dfz

F.

Fpr,f1, FpF,fr
FpE i, FpFrr
Fsy, Fsr
Fryea, Fri
Frio, Frip
Frys, Fre3
Iy

Eyf.reqs Fyrireq
Fz 11, F7 fr
Fz.1, Fzpr
Fzo

8
h

hy, hr
hcoa

hugs hur

ko kors kor
!

If, I

m

myp

mg

nig

Description

Corner radius
Longitudinal and lateral coordinates of the corner centre

Angle of the relative airflow

Description

Lateral acceleration

Stiffness factor, shape factor, peak value, curvature factor
Distance between roll axis and COG

Normalised change in vertical wheel load

Centrifugal force

Aerodynamic downforce at front left and right wheels
Aerodynamic downforce at rear left and right wheels
Aerodynamic side force at front/rear axle

Lateral load transfer due to front/rear unsprung mass
Lateral load transfer via suspension links at front/rear axle
Lateral load transfer due to roll moment at front/rear axle
Lateral tyre force

Required lateral force at front and rear axles

Vertical force at front left and right wheels

Vertical force at rear left and right wheels

Nominal vertical wheel load

Gravitational acceleration

Roll centre height at COG

Front and rear roll centre height

COG height

Front and rear unsprung mass height

Total, front, and rear axle roll stiffness

Wheelbase length

Distance from front/rear axle to COG

Total vehicle mass

Sprung mass of vehicle body

Driver mass

Total sprung mass

xviii

Unit

deg

Z Z Z Z Z Z Z Z Z Z Z Z

3

=



pPcyl---Pvy4
Iy, Iy

Vv

Wy, W,

OCf, o

Op, O1

ar, o

B

Y
0

A{uy.-.AIE}Y
¢

Description

Front and rear unsprung mass

Roll moment reacted at front/rear axle
Aerodynamic roll moment about roll centre
Pacejka tyre model coefficients

Front and rear track width

Vehicle velocity

Front and rear static wheel loads

Front and rear wheel slip angle

Angle of attack and tilt angle of tilt wing
Angles of the inside and outside split wing elements
Vehicle sideslip angle

Wheel camber angle

Steering angle

Pacejka tyre model scaling factors

Sprung mass roll angle

Chapters 7 - 8

Symbol
k

Description

Subscript for longitudinal (x), lateral (y), or vertical (z)
direction in the vehicle model

Subscript for front (f) or rear (r) axle location in the vehicle
model

Subscript for left (/) or right (r) wheel position in the
vehicle model

Superscript for left front wing angle (FW-L), right front
wing angle (FW-R), rear wing angle (RW), and rear wing
tilt (TW) in the vehicle model

Subscript for lift (L), drag (D), or side (S) force in the
vehicle model

Subscript for front, rear, left or right force distribution
location in the vehicle model

Vector defining vehicle start and finish conditions
Weight matrix

Stiffness, shape, and curvature factors in direction k
Friction coefficient

Lift coefficient for wheel i

Xix

Unit

rad
rad

rad

rad

Unit



Symbol

CM,V’ CO

u,y

Description

Combined and nominal coefficients for force component

u,v
Fraction of total lateral load transfer reacted at axle i
Distance between roll axis and COG

Peak value in direction k for wheel i

Track segment length with k indexing track segments
Vector function describing vehicle dynamics

Total and nominal aerodynamic drag force

Tyre force in direction k at wheel ij

Aerodynamic lift force at wheel i

Rolling resistance force

Aerodynamic side force on the entire vehicle and axle i
Nominal vertical wheel load

Vector function defining optimisation constraints
COG height

Roll centre height at axle i

Rear wing height

Unsprung mass height at axle i

Wheel rotational inertia

Yaw moment of inertia

Objective function

Total and axle i roll stiffness

Wheelbase length

Distance from axle i to COG

Indexing term for polynomial expressions

Total vehicle mass

Total sprung mass

Unsprung mass at axle i

Distance perpendicular to track centreline

Number of track segments

Polynomial order for force component u, v of aerodynamic

element w

Vector of vehicle design parameters

Pacejka coefficient for friction variation with load
Maximum electric motor power

Polynomial coefficient for force component u, v of
aerodynamic element w

XX

Unit

=

''Z22Z22Z Z Z Z '

2 3 B B

kW



Symbol

rm

50, Sf

Sf7k

S,‘j
Sk, j

Yij

i
Yeo

Y0

ACY,

Description

Vehicle yaw rate

Regularisation weight factor for the m-th derivatives of
optimisation variables

Travelled distance along track centreline
Start and finish track positions
Scaling factor for distance-based equations

Vector function of objective values at collocation points
with k indexing track segments

Slip ratio of wheel i

Collocation points with k indexing track segments and j the

Legendre polynomial order

Braking torque averaged over all wheels

Electric motor torque

Maximum electric motor torque

Applied wheel torque at wheel i

Track width

Vector of control inputs

Discrete control inputs with k indexing track segments
Effective velocity of wheel ij

Vehicle longitudinal and lateral velocity

Vector of vehicle states

Discrete vehicle states with k indexing track segments
Vector of auxiliary variables

Discrete auxiliary variables with k indexing track segments

Slip angle at wheel ij

Operating angle of aerodynamic element w
Brake torque distribution

Final gear ratio

Active torque distribution for wheel ij
Total load transfer in direction k

Load transfer in direction k at wheel ij
Roll stiffness distribution

Drive torque distribution

Normal tyre load shift

Steering angle

Coefficient for the effect of aerodynamic element w on
force component u, v

Xxi

Unit

rad/s

Nm
Nm
Nm
Nm

rad



Symbol

Uo
Hij

Qe,max

Description

Angle relative to track centreline tangent
Track centreline curvature

Tyre friction coefficient at nominal load
Tyre friction coefficient at wheel i
Maximum electric motor speed

Angular velocity of wheel ij

Xxii



Chapter 1

Introduction

This thesis is presented in a paper-format style, where each chapter constitutes a self-
contained study, including its specific abstract, introduction with literature review, meth-
odology, discussion of results, and conclusion. Collectively, the chapters cover the overar-
ching aims and objectives of this research. This chapter begins by introducing the research
context in Section 1.1, followed by a statement of the aims and objectives in Section 1.2.
It then outlines the thesis structure in Section 1.3 and provides an overview of the individ-
ual chapters in Section 1.4. Finally, it provides a summary of the research contributions
in Section 1.5 and a list of related publications in Section 1.6.

1.1 Context

The motorsport industry has long been recognised as a platform for innovation, driving
the development of cutting-edge methodologies and technologies that often extend be-
yond the race track and find application in the mainstream automotive sector. Among the
many disciplines contributing to this innovation, aerodynamics has consistently played a
pivotal role in shaping vehicle performance. The discipline of aerodynamics focuses on
the vehicle’s interaction with airflow, which significantly influences key aspects such as
handling, efficiency, and overall performance.

The aerodynamic performance of high-performance vehicles is typically quantified by
downforce and drag. Downforce is a downward force exerted by airflow onto the vehicle
that enhances grip. Drag, on the other hand, is a resistive force exerted by airflow that
opposes the vehicle’s forward motion. While downforce is crucial for improving dynamic
performance in demanding driving scenarios such as cornering, it comes at the cost of
higher drag, which reduces the vehicle’s efficiency and top speed.

The design of high-performance vehicles incorporates various features to manipulate air-
flow and generate the desired aerodynamic forces. These include components such as
splitters, diffusers, spoilers, front wings, rear wings, and specially designed underbodies.
Although the aerodynamic performance of these components has been improved over
time, static design implementations inherently impose a trade-off between downforce and
drag, requiring design compromises to balance performance and efficiency.
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These limitations are addressed by the evolution from static to active aerodynamic sys-
tems, which can adjust the configuration of aerodynamic devices based on the vehicle’s
operating conditions to improve performance. Active aerodynamic systems have already
gained significant interest from the automotive and motorsport industries, where common
implementations of this technology are active splitters, spoilers, or wings, which transi-
tion between a high-downforce and low-drag state in response to a condition threshold.

A profound example is the Drag Reduction System (DRS) in Formula One, introduced
in 2011, which enables the rear wing to switch to a low-drag configuration on designated
high-speed track sections and within specified overtake conditions to improve straight-
line performance. The next advancement in Formula One will be the introduction of
active front- and rear wings in 2026, which can be operated in a high-downforce mode for
maximum dynamic performance and a low-drag mode to improve straight-line speed.

The next step in the evolution of active aerodynamic systems involves the transition in
functionality from discrete operating settings and threshold-based control to systems with
continuous configurability, capable of adjusting in real-time and continuously across their
excursion range. This capability allows aerodynamic performance to be precisely tailored
to the vehicle’s specific operating condition, with the potential to significantly enhance
safety, efficiency, handling, and overall performance in both the automotive and motor-
sport industries.

Additionally, while conventional systems primarily influence longitudinal aerodynamic
balance (front-to-rear), recent innovations by manufacturers such as Zenvo and Lam-
borghini have introduced systems capable of affecting lateral aerodynamic balance (left-
to-right) as well. Referred to as “2D active aerodynamic systems” in this research, these
systems aim to increase downforce on tyres that become offloaded by lateral load transfer
during cornering. This capability could potentially offer unprecedented levels of stability
and performance in dynamic driving scenarios.

Despite the promising potential of advanced active aerodynamics, publicly available re-
search remains limited in scope, leaving substantial gaps in their design, evaluation, and
fundamental understanding for vehicle applications. While each chapter of this thesis
provides an extensive literature review to support its specific research objectives, the over-
arching research gaps emerge across three main themes that are summarised below.

Firstly, the development of active aerodynamic systems requires reliable and cost-
effective Computational Fluid Dynamics (CFD) simulations, supported by robust wind
tunnel correlation practices. Existing methodological studies have predominantly concen-
trated on turbulence model evaluation and wind tunnel correlation for simplified geome-
tries or passenger vehicles, with a primary focus on drag. These insights are not directly
transferable to the highly complex flow fields of high-performance vehicles, which typi-
cally feature various downforce-generating devices. As a result, the predictive accuracy
of widely used turbulence models and the effects of wind tunnel conditions on high-
performance vehicle aerodynamics remain insufficiently investigated, leaving a critical
gap in understanding the capabilities of available methods for high-performance vehicle
applications.
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Secondly, the design of effective active aerodynamic systems requires a comprehensive
understanding of their behaviour under dynamic operating conditions, such as yaw and
cornering. Most aerodynamic studies focus on straight-line scenarios, with research on
dynamic conditions typically limited to simplified geometries or passenger vehicles. The
findings from such work cannot be directly applied to the more intricate flow fields of
high-performance vehicles. Furthermore, while isolated aerodynamic devices have been
shown to exhibit pronounced sensitivity to oncoming flow conditions, the combined in-
teraction of such devices with the vehicle body under dynamic conditions remains largely
unexplored. This limits the understanding of their influence on overall aerodynamic per-
formance, leaving a significant gap in the knowledge of their vehicle-integrated aerody-
namic behaviour in realistic dynamic operating scenarios.

Lastly, exploring the performance potential of active aerodynamic systems and demon-
strating their performance-enhancing mechanisms requires comprehensive evaluations
under representative driving scenarios. Existing research has mainly examined conven-
tional aerodynamic configurations and often relied on simplified performance simula-
tions. While these studies have provided indicative trends, they have not addressed the
critical interactions between aerodynamic loads and vehicle dynamics with sufficient fi-
delity, offering only limited insight into the mechanisms driving the performance gains.
Consequently, in-depth analyses of active aerodynamics, particularly advanced 2D sys-
tems, using comprehensive and representative simulation frameworks remain scarce, leav-
ing a critical gap in understanding their true potential and the underlying mechanisms that
translate aerodynamic functionality into vehicle performance improvements.

This PhD thesis addresses these challenges with a series of self-contained studies that
combine CFD simulations, wind tunnel experiments, active aerodynamic system designs,
and performance optimisation frameworks. Together, these studies advance the under-
standing of active aerodynamic systems and demonstrate their potential benefits for high-
performance vehicle applications. The subsequent sections will outline the research aims
and objectives, along with the adopted structure and a summary of the key contributions.
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1.2 Aims and Objectives

This research aims to explore the performance potential of active aerodynamic systems for
high-performance vehicles in realistic driving scenarios. To support this overarching aim,
the research seeks to establish a cost-effective workflow for aerodynamic assessments
and investigate the impact of dynamic operating conditions on the aerodynamic perfor-
mance of high-performance vehicles. These supporting aims provide the foundation for
analysing both conventional and innovative 2D active aerodynamic systems, capable of
modulating aerodynamic balance both longitudinally and laterally. The following objec-
tives are formulated to achieve these research aims:

1. Develop and validate a cost-effective Computational Fluid Dynamics (CFD) workflow
for high-performance vehicle aerodynamics, addressing meshing strategies, turbulence
model selection, and wind tunnel correlation methodologies.

2. Investigate the aerodynamic characteristics of various high-performance vehicle con-
figurations in yaw conditions using wind tunnel experiments and CFD simulations.

3. Analyse the aerodynamic behaviour of a high-performance vehicle and its rear wing
in both straight-line and cornering conditions using wind tunnel experiments and CFD
simulations.

4. Design multiple active aerodynamic systems, including 2D concepts, and evaluate
their influence on aerodynamic balance and cornering performance by coupling CFD-
derived aerodynamic data with vehicle dynamics simulations.

5. Assess the performance potential of the most promising 2D and conventional active
aerodynamic systems, identified in prior analyses, through minimum lap time sim-
ulations that combine detailed vehicle modelling with comprehensive CFD-derived
aerodynamic data.

6. Examine the influence of integrating active aerodynamics with active torque distri-
bution on vehicle performance through minimum lap time simulations incorporating
detailed vehicle and powertrain models combined with comprehensive CFD-derived
aerodynamic data.
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1.3 Thesis Structure

This thesis is structured into three interdependent research phases, each essential to achie-
ving the overarching aims. It progresses from establishing a robust methodological foun-
dation to conducting aerodynamic analyses and evaluating active aerodynamic designs in
dynamic operating conditions, ending with the optimisation and performance assessment
of active aerodynamic systems. Each phase builds upon the previous, ensuring a cohesive
and systematic investigation of high-performance vehicle aerodynamics and the impact
of active aerodynamic systems. The research phases are detailed below, with an overview
of the individual chapters provided in Section 1.4.

The first phase establishes a methodological framework for aerodynamic analyses of high-
performance vehicles. Chapters 2 and 3 focus on evaluating and validating CFD simu-
lation methods and wind tunnel correlation strategies, leading to the development of a
cost-effective numerical workflow. This phase ensures that all subsequent investigations
are built upon a rigorous and validated methodology, balancing numerical accuracy with
computational efficiency to effectively capture high-performance vehicle aerodynamics.

Building on the methodological groundwork, the second phase investigates aerodynamic
behaviour under dynamic operating conditions, specifically in yaw and cornering scenar-
10s. Chapters 4 and 5 employ extensive wind tunnel experiments and CFD simulations
to assess how these conditions influence aerodynamic performance and flow field charac-
teristics. Additionally, Chapter 6 examines the influence of various active aerodynamic
systems on vehicle aerodynamics and performance during cornering, establishing a foun-
dation for the third phase.

The third phase advances toward a performance-focused investigation of active aerody-
namic systems, building on the methodological foundation and insights from the pre-
ceding phases. Chapter 6 identifies promising active aerodynamic configurations, which
are subsequently evaluated in Chapters 7 and 8 using a minimum lap time simulation
framework. These studies analyse the influence of various active aerodynamic systems on
overall vehicle performance across different powertrain configurations. This final phase
bridges aerodynamics and vehicle performance, ensuring a comprehensive assessment of
active aerodynamic systems for high-performance vehicle applications.
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1.4 Chapter Overview

Chapter 2 addresses Objective 1 by developing a cost-effective CFD workflow for aerody-
namic analyses of high-performance vehicles. The workflow is established through grid
independence and Reynolds-Averaged Navier-Stokes (RANS) turbulence model evalua-
tion studies, validated against experimental data and high-fidelity Delayed Detached Eddy
Simulation (DDES) results. Additionally, the chapter introduces a numerical approach
for assessing and correcting wind tunnel-induced effects. Serving as the methodologi-
cal foundation, this chapter supports the CFD simulations and wind tunnel correlation
processes employed in the subsequent chapters.

Chapter 3 contributes to Objective 1 by evaluating the predictive capabilities of the es-
tablished cost-effective RANS-based CFD methodology against experimental data and
high-fidelity DDES results at critically low ride heights, where unsteady flow phenomena
dominate. The study identifies strengths and limitations of each approach, demonstrating
the necessity of high-fidelity simulations in highly unsteady flow conditions. Addition-
ally, the chapter utilises the DDES simulations to analyse the impact of ride height on
aerodynamic performance, focusing on the vortex dynamics in multichannel diffusers
and their evolution with changing ride height.

Chapter 4 shifts the focus to operating conditions, addressing Objective 2 by analysing
the aerodynamic behaviour of three high-performance vehicle configurations in yaw con-
ditions. The chapter presents wind tunnel measurements of aerodynamic forces, surface
pressures, and wake pressures across a range of yaw angles. Complemented by CFD
simulations employing a methodology built upon previous chapters, the study provides a
detailed analysis of yaw-induced flow field alterations and their impact on aerodynamic
performance.

Chapter 5 expands the analysis of operating conditions by investigating the aerodynamic
behaviour of a high-performance vehicle with a rear wing in cornering scenarios, ad-
dressing Objective 3. The chapter presents straight-line moving ground wind tunnel ex-
periments measuring aerodynamic forces across a range of rear wing angles, along with
CFD simulations using an extended methodology from previous chapters to replicate cor-
nering conditions. The study provides a detailed analysis of the influence of cornering on
the vehicle’s flow field, including aerodynamic interactions with the rear wing, and the
resulting effects on aerodynamic performance.

Chapter 6 shifts the focus to active aerodynamics, addressing Objective 4. It introduces
2D active aerodynamic concepts, specifically split and tilt wing designs, which can mod-
ulate aerodynamic balance both longitudinally and laterally. The study employs CFD
simulations using the methodology established in the previous chapter to evaluate their
aerodynamic behaviour in various cornering conditions. Additionally, the CFD data is
coupled with a steady-state vehicle dynamics model to assess the impact of each 2D ac-
tive aerodynamic concept on cornering performance. By comparing the aerodynamic
characteristics and performance potential of these designs, this chapter establishes the
foundation for the performance-focused analyses in the following chapters.
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Chapter 7 advances the investigation of active aerodynamic systems by assessing their
performance in representative on-track conditions, thereby addressing Objective 5. The
study extends an established minimum lap time simulation framework through the inte-
gration of CFD-derived aerodynamic data with a high-fidelity vehicle model, enabling the
optimisation and evaluation of multiple active aerodynamic configurations. The analysis
is performed on the Circuit de Barcelona-Catalunya to quantify performance improve-
ments, characterise the underlying control strategies, and examine vehicle setup consid-
erations for both conventional and 2D active aerodynamic systems.

Chapter 8 presents a complementary research direction, formulated in collaboration with
the Vehicle Dynamics and Control group at Cranfield University, which addresses
Objective 6 by investigating the performance potential of active aerodynamic systems
when integrated with advanced powertrain architectures capable of active torque distribu-
tion (ATD). Building upon the minimum lap time simulation framework established in the
preceding chapter, this study extends its capabilities to enable performance optimisation
across various aerodynamic and torque distribution configurations. The analysis quan-
tifies individual and synergetic lap time gains, investigates the underlying performance-
enhancing mechanisms, and examines the influence of vehicle setup and tyre characteris-
tics on their effectiveness.

Chapter 9 provides a general discussion on the research as a whole. It begins by synthe-
sising the research phases, outlining their aims, methodologies, and key findings, while
drawing comparisons between studies to offer a broader reflection on the research. It
then discusses the research contributions and their practical implications before conclud-
ing with identified avenues for future work. Finally, Chapter 10 presents a high-level
overview of the research conducted in this thesis.
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1.5 Research Contributions

The research contributions and their implications are discussed in detail in Section 9.2.
However, to provide an early overview, a summary is presented below.

1.

Development of a cost-effective CFD workflow for high-performance vehicle aerody-
namics, integrating a refined meshing strategy, turbulence model evaluation, and wind
tunnel correlation methodology. This framework provides a structured reference for
practical aerodynamic simulations, supporting both research and industry applications.

Identification of critical ride height dependencies in high-performance vehicle aero-
dynamics through numerical analysis, revealing vortex-driven diffuser performance
mechanisms and the onset of vortex breakdown with its detrimental effects at critically
low ride heights. These findings advance knowledge of underbody aerodynamics and
inform their design for enhanced performance and stability.

. Characterisation of yaw-induced aerodynamic effects through combined experimental

and numerical investigations, identifying key flow field alterations and their impact on
aerodynamic performance. These findings deepen the understanding of vehicle aero-
dynamics in yaw conditions and provide insights for improving aerodynamic design
in dynamic operating conditions.

Analysis of the aerodynamics of a high-performance vehicle with a rear wing in
straight-line and cornering conditions using wind tunnel experiments and CFD sim-
ulations, revealing corner-induced flow field changes and their impact on aerodynamic
performance. This study refines cornering simulation methodologies and advances the
understanding of vehicle aerodynamics during cornering, informing vehicle and rear
wing design for improved performance in dynamic driving conditions.

. Design and evaluation of two 2D active aerodynamic systems, developed as split and

tilt wing concepts, using CFD simulations and steady-state cornering performance
analysis, demonstrating their ability to modulate aerodynamic balance both longitudi-
nally and laterally, along with their impact on cornering performance. These findings
advance the understanding of 2D active aerodynamic systems and support research
aimed at enhancing vehicle performance through active aerodynamics.

Optimisation and analysis of vehicle performance with active aerodynamic systems,
including 2D configurations, using a minimum lap time simulation framework, identi-
fying performance gains, optimal control strategies, and vehicle setup considerations.
These findings advance knowledge on the performance potential of active aerodynam-
ics and provide a foundation for further research and development on active aerody-
namics for automotive and high-performance vehicles.

. Optimisation and evaluation of active aerodynamics combined with active torque dis-

tribution using minimum lap time simulations, identifying individual and combined
performance gains, key performance-enhancing mechanisms, and optimal vehicle set-
up and tyre characteristics. The findings advance the understanding of active aerody-
namics integrated with different powertrain architectures and support future research
into their application in automotive and high-performance vehicles.
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8. Expansion of the limited experimental database on vehicle aerodynamics through pub-
licly available datasets comprising wind tunnel measurements of forces, surface pres-
sures, and wake pressures in yaw conditions, as well as force measurements at varying
rear wing angles under moving ground conditions. These datasets serve as essential
validation resources for aerodynamic research and development, with their active use
in industry highlighting their practical relevance.

9. Extension of an existing minimum lap time simulation framework, enhancing its capa-
bilities to optimise vehicle performance across active aerodynamic and torque distribu-
tion configurations, alongside parametric optimisation of vehicle setup and tyre char-
acteristics. This publicly available extension serves as a valuable resource for future
research on active aerodynamics and related vehicle systems, as well as for supporting
decision-making in vehicle development and pre-event setup planning.
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1.6 Publications

The chapters of this thesis correspond to peer-reviewed publications, with Chapters 2 to 7
already published, while Chapter 8 has been submitted and is under review at the time
of writing. Minor augmentations have been made across chapters to enhance coherence
and consistency. Citations are provided at the start of each chapter and an overview of the
publications is presented below.

Journal Papers
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Chapter 2

Development of a CFD Workflow and
Wind Tunnel Correlation Process

This chapter was originally published as:

Rijns S, Teschner TR, Blackburn K, Brighton J. Integrated numerical and experimental
workflow for high performance vehicle aerodynamics. SAE Technical Paper 2024-01-
5016. 2024. Available from: https://doi.org/10.4271/2024-01-5016.

Abstract

The automotive and motorsport industries continually strive to enhance the aerodynamic
efficiency and performance of vehicles. The aerodynamic research and development pro-
cesses necessitate a well-balanced use of accurate yet cost-effective simulation tools in
combination with wind tunnel experiments. This study evaluates the predictive capabili-
ties of four Reynolds-Averaged Navier-Stokes (RANS) turbulence models against exper-
imental data and high-fidelity Delayed Detached Eddy Simulation (DDES) results for the
DrivAer hp-F, a high-performance variant of the widely adopted DrivAer model. Addi-
tionally, wind tunnel-induced effects on the vehicle’s aerodynamic performance are in-
vestigated, and a novel Computational Fluid Dynamics (CFD) based blockage correction
method is introduced to assess the applicability of conventional methods. The turbulence
model evaluation reveals that among the RANS models, the k- SST model generally
exhibits the highest relative accuracy to experimental force trends and the best agreement
with more detailed flow predictions from DDES simulations. The numerical analysis of
wind tunnel-induced effects shows that blockage increases downforce and drag by approx-
imately 9% and 16%, respectively. Furthermore, interference effects from the overhead
measurement system increase downforce by 4% and drag by 8%. The CFD-based correc-
tion method demonstrates that conventional methods estimate the dynamic pressure rise
induced by blockage within about 3% but do not account for local effects on downforce
and drag individually. Overall, this research advances prior work on automotive applica-
tions by contributing to the development of aerodynamic research methodologies tailored
to the complex flow fields of high-performance vehicles.

Keywords: Aerodynamics; CFD; RANS; DDES; Wind Tunnel; Correlation; DrivAer
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Chapter 2. CFD Workflow and Wind Tunnel Correlation 2.1. Introduction

2.1 Introduction

The highly competitive nature of motorsport drives rapid advancements in methodologies
and technologies, with innovations often influencing the broader automotive industry. A
key focus in both sectors is the development of advanced aerodynamic designs to optimise
vehicle efficiency and performance. Effective development of such designs requires the
combined usage of Computational Fluid Dynamics (CFD) simulations and wind tunnel
experiments. However, due to commercial sensitivity, publicly available knowledge on
high-performance vehicle aerodynamics and the integration of numerical and experimen-
tal workflows remains limited.

Turbulence modelling is crucial in CFD, requiring a balance between computational ef-
ficiency and predictive accuracy (1). Reynolds-Averaged Navier-Stokes (RANS) models
are widely used in the automotive and motorsport industries due to their relatively low
computational cost. Research on automotive applications has shown that while RANS
models provide reasonable accuracy in drag and surface pressure predictions, they gener-
ally struggle to capture lift forces and unsteady flow behaviour (2, 3, 4, 5, 6, 7). Further-
more, their predictive accuracy varied significantly, not only between different models but
also for the same model when applied to different vehicle geometries, preventing consen-
sus on the most suitable RANS model for automotive aerodynamic predictions.

Scale-Resolving Simulation (SRS) methods, particularly hybrid RANS and Large Eddy
Simulation (LES) models such as Detached Eddy Simulation (DES) and its variants, have
been shown to improve accuracy in capturing complex unsteady aerodynamic phenom-
ena (2,6,7,8,9, 10, 11, 12, 13). Compared to RANS, these models demonstrated greater
accuracy and consistency in predicting aerodynamic forces and capturing unsteady flow
regions, such as wakes, with higher fidelity. However, their significantly higher compu-
tational cost limits their practicality for aerodynamic research and development in fast-
paced environments.

Beyond numerical modelling, accurate correlation between CFD simulations and wind
tunnel experiments is essential for aerodynamic development. While most CFD simula-
tions assume open-road conditions, wind tunnel testing introduces facility-specific effects
that can significantly alter aerodynamic performance. Among these, blockage and mea-
surement system interference are key factors. Blockage effects arise due to test section
confinement, which increases local flow velocity around the vehicle model (14, 15). Var-
1ous blockage correction methods exist to correct for these effects, typically relying on
generic geometrical relationships between the tested model and wind tunnel facility (16).
Measurement system interference, on the other hand, can affect aerodynamic performance
by obstructing airflow and thereby disturbing the vehicle’s local flow field (17, 18, 19).

Through numerical recreation of open-road and wind tunnel conditions, studies on pas-
senger vehicles and trucks have shown that blockage effects increase lift and drag forces,
as well as intensify flow separation, with the severity of these effects typically growing
with vehicle size (20, 21, 22, 23). However, the effectiveness of blockage correction meth-
ods has remained inconsistent across different vehicle geometries and wind tunnel facili-
ties, suggesting that a universal correction approach may not be feasible (20, 21, 22, 24).
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Similarly, measurement system interference effects on lift and drag forces have been
shown to vary considerably depending on vehicle shape and the aerodynamic sensitiv-
ity of downstream components (17, 18, 19).

While extensive research has evaluated turbulence models for automotive aerodynam-
ics, most studies were focused on passenger vehicles, with an emphasis on drag force
predictions. Investigations into wind tunnel conditions have demonstrated the feasibil-
ity of numerically examining facility-induced effects, but such analyses were also largely
limited to passenger vehicles, with blockage correction methods and measurement in-
terference assessments primarily targeting drag. In contrast to passenger vehicles, high-
performance vehicles employ various aerodynamic devices to generate downforce, result-
ing in considerably more complex flow fields. Consequently, the predictive accuracy of
commonly used turbulence models and the impact of wind tunnel effects on the intricate
flow fields and downforce characteristics of high-performance vehicles remain largely
underexplored.

This study addresses these gaps by systematically evaluating the predictive capabilities of
four commonly used RANS turbulence models for high-performance vehicle aerodynam-
ics, benchmarking their predictions against experimental force measurements and high-
fidelity Delayed Detached Eddy Simulation (DDES) results. Additionally, CFD simula-
tions of both open-road and wind tunnel conditions are conducted to assess the influence
of blockage and measurement system interference effects on aerodynamic performance.
A novel CFD-based approach is presented to evaluate the accuracy and applicability of
conventional blockage correction methods. Through detailed analyses of aerodynamic
performance, turbulence models’ predictive capabilities, and challenges in aligning nu-
merical and experimental results, this research advances the methodological framework
for high-performance vehicle aerodynamics. The findings provide critical insights to en-
hance aerodynamic development workflows, benefiting both academic research and in-
dustrial applications.

2.2 Methodology

2.2.1 Vehicle Geometry

Aerodynamic research in the automotive industry often relies on standardised reference
vehicle models, such as the DrivAer model (25). This study employs the DrivAer hp-F
reference model (26, 27), a high-performance variant of the DrivAer Fastback configura-
tion. The DrivAer hp-F, depicted in Figure 2.1, is a 35% scale model featuring a smooth
underbody, enclosed wheel cavities, and side mirrors. It incorporates additional aerody-
namic devices, including a front splitter, forebody strakes, a rear spoiler, and an underbody
diffuser. The main geometric parameters of the model are summarised in Table 2.1, with
further details provided by Soares et al. (26).
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Figure 2.1: Illustration of the DrivAer hp-F model.

2.2.2 Experimental Validation Data

The numerical results in this study are validated against wind tunnel experiments con-
ducted by Soares et al. (26, 28) on the DrivAer hp-F in the 8x6 Wind Tunnel at Cranfield
University. The test section was modified to include a moving ground and a two-stage
boundary layer suction system. Aerodynamic forces were measured across eight different
ride heights at a freestream velocity of 40 m/s, using an overhead balance system with a
maximum full-scale uncertainty of +0.90 N for lift and +0.18 N for drag. The experi-
mental measurements were conducted under a blockage ratio of approximately 10.2%.

2.2.3 Computational Fluid Dynamics Simulations

2.2.3.1 Domains and Boundary Conditions

CFD simulations are performed across three installations to systematically evaluate aero-
dynamic performance and the influence of wind tunnel conditions. Given the experimen-
tal straight-line setup, the time-averaged flow field is expected to approximate symmetric
behaviour.

Table 2.1: Main dimensions of the DrivAer hp-F model.

Parameter =~ Symbol  Value Unit

Car scale CcS 35 %
Length L 1.6144 m
Width w 0.6273 m
Ride height ho 0.0455 m
Area Arr 02556 m?
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This assumption enables the use of half-car models, which have been shown to reduce
mesh size by over 40% while keeping aerodynamic force coefficient deviations within 1%
of full-car simulations (1, 29), thereby improving computational efficiency with minimal
loss of accuracy.

Studies on multichannel diffusers, like the one on the DrivAer hp-F, have shown that
the channels suppress asymmetric flow structures observed in plane diffusers at low ride
heights (30, 31), which further supports the half-car simplification. While DDES simu-
lations inherently resolve unsteady turbulence, which does not obey symmetry instanta-
neously (32), this study focuses exclusively on time-averaged flow quantities, where the
influence of turbulent fluctuations along the symmetry plane is negligible. The strong
agreement between the DDES predictions and experimental data, as will be demonstrated
in Section 2.3.1.1, further confirms that the symmetry simplification is an appropriate and
computationally efficient modelling strategy for this study.

2.2.3.1.1 Wind Tunnel Installation

The computational wind tunnel domain, referred to as the WT installation, is designed
to closely replicate the 8x6 Wind Tunnel at Cranfield University. Due to the limited
availability of facility specifications, the domain is modelled as a straight tunnel, omitting
the contraction and diffuser sections. The half-domain, shown in Figure 2.2, has a cross-
sectional height of 1787 mm and a width of 1219 mm, incorporating 431.05 mm long
corner fillets. Following established best practices in automotive aerodynamics (33), the
velocity inlet is positioned three vehicle lengths (L) upstream, while the pressure outlet is
placed SL downstream, resulting in a total domain length of 14904 mm. These dimensions
ensure adequate flow development ahead of the vehicle and prevent outlet conditions from
interfering with the near-wake region.

To replicate experimental conditions, the top and side walls are modelled as no-slip sta-
tionary walls, allowing for boundary layer development. The moving ground system is
implemented as a translational moving wall, and the overhead measurement system is
explicitly included in the computational model to replicate the reported blockage ratio of
approximately 10.2%. The inlet and moving ground velocities match the experimental
freestream velocity of U., = 40 m/s, corresponding to a Reynolds number of 4.21 x 10°.
Air properties reported in Table 2.2 are maintained for consistency with experimental
conditions.

Table 2.2: Overview of the wind tunnel air properties.

Parameter Symbol Value Unit
Air density ) 1.1678 kg/m?
Air dynamic viscosity u 18.377e-6 kg/(m-s)
Atmospheric pressure Pitm 99982 Pa
Dynamic pressure Payn 934.18 Pa
Tunnel temperature T 25.1 °C
Turbulent intensity It 0.052 %
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Figure 2.2: WT installation: vehicle model with top strut in the wind tunnel domain.

2.2.3.1.2 Open-Road Installations

To systematically evaluate the influence of wind tunnel conditions on the aerodynamics
of the DrivAer hp-F, two open-road installations are modelled using the same computa-
tional domain but with different vehicle configurations. The first configuration, referred
to as wTS installation (with Top Strut), includes the overhead measurement system, as
depicted in Figure 2.3. This case allows for direct comparison with the WT installation
to assess the influence of blockage effects induced by the wind tunnel walls. The second
configuration, denoted as woTS installation (without Top Strut), excludes the overhead
measurement system, as shown in Figure 2.4. This setup represents a more realistic open-
road scenario, allowing for comparison with the wTS installation to examine the impact
of measurement system interference effects.

Figure 2.3: wTS installation: vehicle model with top strut in the open-road domain.
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B st sL

Figure 2.4: woTS installation: vehicle model without top strut in the open-road domain.

The open-road computational domain is designed to replicate real-world driving condi-
tions while maintaining numerical efficiency. As in the wind tunnel domain, the velocity
inlet is positioned 3L upstream, and the pressure outlet is placed SL downstream of the
vehicle. The top and side boundaries are located 1.5L from the vehicle, reducing the
blockage ratio to around 1%, and are treated as symmetry planes to prevent artificial
boundary layer formation. To maintain consistency across simulations, the freestream
velocity of U, = 40 m/s, modelling of the moving ground, and air properties are kept
constant across all domains.

2.23.2 Mesh
2.2.3.2.1 Description

Unstructured poly-hexcore meshes are generated in ANSYS Fluent Meshing, an approach
which has been shown to reduce total mesh size by approximately 40% compared to con-
ventional hexcore methods, while decreasing computational solve time by around 14%
for simulations on a standard DrivAer model (34). A medium-resolution mesh is con-
structed based on optimised element sizes for scaled vehicle models (29), with base and
surface element sizes set at approximately 7.4% and 0.45% of the vehicle length, respec-
tively. To accurately capture the complex geometries of aerodynamic add-on devices and
small-scale features, local mesh refinements reduce surface element sizes by over 80%.

A medium near-wall treatment is employed, with y* values generally around 150 and in-
corporating 4—6 inflation layers on both the vehicle and wind tunnel walls. This approach
ensures an adequate resolution of the turbulent boundary layer while maintaining a prac-
tical balance for RANS simulations, adhering to the recommended y* range of 30-300
for such models (35). Additionally, refinement zones are implemented following best
practices from the 1% Automotive CFD Prediction Workshop (36), enhancing flow field
resolution around the vehicle, as illustrated in Figure 2.5.

18



Chapter 2. CFD Workflow and Wind Tunnel Correlation 2.2. Methodology
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Figure 2.5: View of the medium-resolution mesh on the symmetry plane of the wTS
installation, highlighting refinement zones in red with element sizes expressed as a per-
centage of the base mesh size.

2.2.3.2.2 Grid Convergence

A grid convergence study is performed using the Grid Convergence Index (GCI), as intro-
duced by Roache (37). To evaluate grid dependency, two additional meshes with varying
refinement levels are generated alongside the medium-resolution mesh. These grids fol-
low the systematic refinement approach for unstructured meshes proposed by Celik et
al. (38), which recommends refinement factors r (-) greater than 1.3 based on the average
cell size h. (mm). The properties of the coarse (3), medium (2), and fine (1) resolution
meshes are detailed in Table 2.3.

Grid independence is assessed using Richardson extrapolation (RE) to estimate deviations
between the numerical solutions fi-f3 for lift C; (-) and drag Cp (-) coefficients from
asymptotic values fgg, following the approach outlined for unstructured grids by Celik
et al. (38). Although the GCI method is less rigorous for unstructured grids than for
structured ones, it provides more comprehensive insights than simple error reporting (37)
and has been successfully applied in similar automotive aerodynamics studies (39, 40, 41).
Simulations for the grid convergence study are conducted on the wTS installation using
the k- SST RANS turbulence model in ANSYS Fluent, executed on two AMD EPYC
7543 nodes utilising a total of 64 cores.

As presented in Table 2.4, the GCI values between the fine and medium meshes (GCl,1)
are significantly lower than those between the medium and coarse meshes (GCls;), indi-
cating reduced grid dependency with increasing refinement.

Table 2.3: Overview of the mesh properties.

Property Symbol  Unit Coarse (3) Medium (2)  Fine (1)
No. of cells N - 2,489,238 5,928,362 13,624,327
Average wall yplus yt - 208 168 49
Average cell size he mm 36.95 27.67 20.97
Refinement factor r3 & rp; - - 1.34 1.32
Computation time t h 0.36 1.22 3.08
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Table 2.4: Grid convergence study results.

. Coarse Medium  Fine RE Accuracy GCI
Variabl GChy (% GCl (% e O
aable ) hO A fee () orderp(y B2 () GCh1 (%) g )
Cr -0.8597 -0.8214 -0.8185 -0.8183 8.92 0.47 0.04 0.9966
Cp 0.2756 0.2575 0.2482 0.2374 2.23 9.68 5.39 0.9642

Consistent with findings from previous studies (39, 42), different convergence rates are
observed for the force coefficients, with lift exhibiting a higher order of accuracy p (-) and
lower GCI values than drag. Roache (37) noted that unstructured grids with non-integer
refinement ratios can yield above-average orders of accuracy, depending on refinement
levels in critical regions. On the DrivAer hp-F model, lift is primarily influenced by the
pressure distribution along the roof and underbody, whereas drag is dominated by near-
wake effects on its base pressure (43, 44, 45). Consequently, variations in refinement
across these regions contribute to differing grid convergence rates.

Despite these variations, the asymptotic range condition (46), defined as GCIs, /r” GCl,;,
yields values close to one for both force coefficients, confirming that the solutions are
within the asymptotic range. Considering grid dependency, computational cost, and the
focus on lift as the key performance metric, the medium-resolution mesh is selected for
all RANS simulations. This mesh exhibits a relative error of less than 0.5% for lift and
just over 8% for drag when compared to the Richardson extrapolated asymptotic values.

2.2.3.2.3 DDES - High Near-Wall Resolution Mesh

The meshing strategy described above is extended to generate high near-wall resolution
meshes for DDES simulations on the WT installation. These meshes incorporate a lower
yT treatment of approximately 0.7 with 15 inflation layers, ensuring enhanced near-wall
resolution. To improve transition smoothness between near-wall elements and the sur-
rounding refinement zones, the element size in the refinement region around the vehicle
is reduced from 6.25% to 2%. As a result, the high near-wall resolution meshes for DDES
simulations on the WT installation contain approximately 22 million cells, whereas the
corresponding RANS meshes consist of around 6 million cells.

2.2.3.3 Solve
2.2.3.3.1 RANS

Steady-state RANS simulations are conducted using the Spalart-Allmaras (47), k-€ Real-
izable (48), k-@ SST (49), and Reynolds Stress (50) turbulence models in ANSYS Flu-
ent. Each model solves the continuity and momentum equations along with its respective
transport equation(s). The solution methodology adheres to the recommendations by AN-
SYS Fluent (51). Accordingly, pressure-velocity coupling is conducted using the coupled
scheme. For spatial discretisation, gradients are computed using the least-squares cell-
based method, and pressure is discretised using a second-order scheme. The momentum
equation is solved using a second-order upwind scheme, whereas turbulence equations
are discretised using a first-order upwind scheme, except for the k-@ SST model, which
employs second-order upwind discretisation as its default scheme.
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A preliminary trade-off study between simulation duration and force convergence deter-
mined that 1000 iterations are sufficient for all RANS models. Statistical convergence,
defined as the point where the monitored lift and drag forces stabilised, was typically
reached within 400 iterations. Accordingly, force coefficients are averaged over the final
500 iterations. The simulations are executed on two AMD EPYC 7543 processors using a
total of 64 cores, with average computation times of approximately 1 hour for the Spalart-
Allmaras model, 1.2 hours for the k-€ Realizable and k- SST models, and 1.6 hours for
the Reynolds Stress model.

2.2.3.3.2 DDES

Scale-resolving simulations on the WT installation are conducted using the DDES (52)
model with the k- SST RANS background model. This hybrid RANS-LES model
switches from the ‘RANS mode’ in wall boundary layers to the ‘LES mode’ in detached
flow regions to resolve large-scale turbulent structures. The simulations are initialised
using steady-state k- SST RANS solutions on the same high near-wall resolution mesh.
The numerical setup follows the default ANSYS Fluent recommendations (51), maintain-
ing the same pressure-velocity coupling and spatial discretisation as the RANS k-@ SST
model, except for the momentum equation, which is solved using the suggested bounded
central differencing scheme. Temporal discretisation of the governing equations is per-
formed using a bounded second-order implicit formulation.

Time step selection follows the approach of Aultman et al. (53), whose findings indi-
cate that a non-dimensional time step of 5) provides sufficient resolution of turbulent
structures without excessive computational cost. Accordingly, a physical time step of
t = 3.125 x 107* s with 10 inner iterations is used. Each simulation is performed
for 2 s of flow time, equivalent to 49.6 convective time units (CTUs), with the first 1 s
(24.8 CTUs) dedicated to washing out the initial RANS solution and reaching statistical
convergence, followed by the remaining 1 s (24.8 CTUs) used for flow field averaging
and collecting unsteady statistics. The DDES simulations are conducted on four AMD
EPYC 7543 processors using 128 cores, resulting in an average computational time of
approximately 90 hours per simulation.

2.2.4 Wind Tunnel Correlation Process

CFD simulations and wind tunnel experiments are complementary tools for analysing ve-
hicle aerodynamics. However, wind tunnel experiments are subject to physical constraints
that can influence aerodynamic performance relative to open-road conditions. This sec-
tion outlines a stepwise approach to numerically assess the blockage and measurement
system interference effects, both of which impact the correlation between numerical and
experimental results.
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2.2.4.1 Blockage Effect and Correction Methods

The blockage effect is examined by comparing simulations in a computational wind tun-
nel domain (WT installation) with an open-road domain (wTS installation). Both cases
include the vehicle with the overhead measurement system, differing only in the confine-
ment imposed by the wind tunnel walls. This setup isolates blockage-induced effects,
enabling a detailed analysis of flow field alterations and their impact on aerodynamic
forces. Additionally, the methodology is used to assess the applicability of blockage cor-
rection methods by applying them to WT installation results and comparing the corrected
values to results from the wT'S installation.

Several blockage correction models are evaluated, including the Maskell, DNW Maskell,
Extended Maskell III, Thom & Herriot, and Mercker methods (16, 20). The DNW
Maskell and Extended Maskell III models build upon the Maskell approach, while the
Thom & Herriot and Mercker methods explicitly differentiate between solid and wake
blockage. Despite their varying complexity, all methods estimate the corrected dynamic
pressure g. (Pa) near the vehicle using measured force coefficients and geometric rela-
tionships. This corrected pressure is subsequently used, alongside the reference dynamic
pressure g (Pa) that is typically measured at the wind tunnel inlet, to compute corrected
lift Cr. (-) and drag Cp, (-) coefficients, as described by Eq. (2.1). These corrected force
coefficients are estimations of the vehicle’s aerodynamic performance in open-road con-
ditions, free from wind tunnel blockage effects.

Cp _dc g CL _de @.1)

CDC q CLC q

In addition to conventional correction methods, this study introduces a CFD-based block-
age correction approach. Unlike the geometric relationships, it directly extracts dynamic
pressure data from CFD simulations. The method compares average dynamic pressure
values on a frontal plane within both the wind tunnel and open-road domains, as shown in
Figure 2.6. To ensure accurate correction, the plane is longitudinally positioned where the
blockage ratio is highest, preventing underestimation of the effects. Additionally, in the
open-road domain, only the projected wind tunnel area is considered, avoiding far-field
influence. The CFD-based approach provides a direct estimation of g, and g near the ve-
hicle and will serve as a benchmark for assessing the accuracy of conventional correction
models in this study.

2.24.2 Overhead Measurement System Interference

Besides the blockage effect, interference effects of the overhead measurement system are
numerically assessed by comparing simulations in the open-road domain with the top strut
(wTS installation) and without the top strut (woTS installation). Since both configura-
tions are free from wind tunnel blockage, any differences in aerodynamic forces and flow
characteristics are solely attributed to the measurement system, allowing an assessment
of its isolated interference effects.
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Figure 2.6: Comparison of dynamic pressure on a frontal cross-section (x = 0.45m) be-
tween the WT and wTS installations, with black borders indicating the integration area.

2.3 Results and Discussion

This section first evaluates the aerodynamic ride height dependency based on experimen-
tal force coefficient data. Additionally, the predictive capabilities of four practical RANS
turbulence models are assessed through both a relative comparison with experimental
data and an absolute comparison against high-fidelity DDES flow field predictions. The
subsequent subsection investigates discrepancies between wind tunnel experiments and
open-road simulations, including a numerical quantification of blockage effects, an eval-
uation of the applicability of correction methods, and an analysis of measurement system
interference effects. The assessments are conducted within the context of the DrivAer
hp-F experimental setup in the 8x6 Wind Tunnel at Cranfield University.

2.3.1 Turbulence Model Assessment

This study utilises experimental data from Soares et al. (26) on the DrivAer hp-F at
varying ride heights for validation. While discrepancies between physical wind tunnel
experiments and CFD simulations are anticipated, due to finite accuracy in replicating the
exact operating conditions and inherent limitations in turbulence modelling, the dataset
provides a robust benchmark for establishing reference aerodynamic performance trends.

However, the adopted dataset is limited to force measurements and other experimen-
tal data for high-performance vehicles is extremely scarce. To address this limitation,
high-fidelity DDES simulations are conducted to serve as complementary reference data,
enabling a more detailed examination of the vehicle’s flow field. Accordingly, the pre-
dictive accuracy of various RANS models for high-performance vehicle aerodynamics
is assessed by their relative agreement with experimental force data and their absolute
correlation with DDES flow field data in the same computational wind tunnel domain.

23



Chapter 2. CFD Workflow and Wind Tunnel Correlation  2.3. Results and Discussion

Additionally, the experimental dataset corresponds to a vehicle without wheels, excluding
known sources of unsteady flow along the underbody. This is expected to have a minimal
impact on the assessment, since it focuses on the vehicle’s entire flow field, which includes
other regions dominated by highly unsteady flow, such as the wake. The analysis therefore
still provides meaningful insights into the capabilities of RANS models in predicting the
diverse and complex aerodynamic characteristics of high-performance vehicles.

2.3.1.1 Force Coefficients

Figure 2.7 illustrates the variation of the vehicle’s lift and drag coefficients with ride
height, where h( represents the normalised ride height of 45.5 mm. The experimental
data reveals a force enhancement region within the 2hy — 0.33hg range, characterised
by an increase in downforce as ride height decreases. This behaviour is attributed to
enhanced airflow acceleration beneath the vehicle. As a consequence of increased down-
force, induced drag also rises across this range. However, a critical ride height of 0.334 is
identified, below which significant downforce losses and a sharp reduction in drag occur.
At such low ride heights, the underbody flow becomes increasingly unsteady, adversely
affecting aerodynamic performance (54, 55).

The DDES model exhibits strong agreement with the experimental data, with an aver-
age downforce overestimation of 7% and a drag underestimation of 2%. Furthermore,
the DDES results demonstrate high consistency, as reflected in the relatively stable er-
rors shown in Figure 2.8, with a standard deviation of approximately 2% across the ride
height range. Notably, given the interdependence of downforce and induced drag, a slight
drag overestimation might have been anticipated. This discrepancy likely arises from the
differing sensitivity of downforce and drag to numerical and experimental uncertainties,
where downforce is predominantly influenced by near-wall flow characteristics and drag
is more affected by unsteady wake dynamics (1, 45).

Overall, the DDES model accurately captures the trends observed in the experimental
force coefficient data across the entire ride height range, reinforcing its reliability as a
numerical reference for evaluating RANS model accuracy within the WT installation.
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Figure 2.7: Comparison of (a) lift and (b) drag coefficients between the wind tunnel
experiments and numerical simulations on the WT installation.
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Figure 2.8: Error in (a) lift and (b) drag coefficients between the wind tunnel experiments
and numerical simulations on the WT installation.

A well-known limitation of the averaging methods applied by RANS turbulence models
is their inability to accurately predict highly unsteady flow phenomena (56). This limita-
tion is also evident in Figure 2.7, where all RANS models fail to capture the aerodynamic
behaviour of the vehicle below its critical ride height of 0.33/4y. Consequently, the present
assessment focuses on the high to medium ride height range of 24y — 0.5k, where aero-
dynamic performance is less critically influenced by highly unsteady flow effects.

Across this range, the downforce enhancement region is captured by all RANS models.
However, variations in accuracy are observed. The Spalart-Allmaras, k-€ Realizable,
and Reynolds Stress models underpredict downforce by approximately 4%, 8%, and 2%
respectively, while the k-@ SST model overestimates downforce by around 2% relative to
the DDES results. Among these models, the k-@ SST model provides the most consistent
downforce predictions across the ride height range, with a relative deviation in lift error of
less than 2%, as shown in Figure 2.8. In contrast, the other RANS models exhibit larger
variations, with relative deviations in lift error of approximately 4—5%.

With respect to drag, the k-€ Realizable and Reynolds Stress models exhibit an average
underestimation of approximately 2%, whereas the k-@ SST model overestimates drag
by a similar magnitude relative to the DDES results. Notably, these three RANS models
demonstrate consistent drag trend predictions across the evaluated ride height range, as
evidenced by their drag error remaining within 1% relative deviation. Conversely, the
Spalart-Allmaras model fails to adequately capture the drag trend, displaying a nearly
ride height insensitive drag prediction across the 2k — 0.5k range.

2.3.1.2 Pressure Distribution

The pressure distribution along the upper surface is illustrated in Figures 2.9 and 2.10.
A high-pressure region is observed at the splitter and nose, followed by a low-pressure
region as the airflow accelerates around the curvature of the nose. Along the bonnet,
a pressure recovery occurs towards the base of the windscreen, which exhibits a high-
pressure region. Airflow is subsequently accelerated over the roof, generating a low-
pressure region that gradually recovers towards the roof’s trailing edge.
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Figure 2.9: Pressure coefficient distributions along a near-symmetry line (y = -50 mm) on
the upper body surface of the WT installation at 1hy.

Moderate pressures are observed on the slant due to minor flow separation behind the
roof. Finally, a high-pressure region forms as the airflow interacts with the spoiler.

The RANS models generally exhibit good agreement with the DDES results on the up-
per surface. The k- SST and Reynolds Stress models predict pressures within 1% of the
DDES results along the bonnet, while the k-& Realizable and Spalart-Allmaras models de-
viate by approximately 2% and 4%, respectively. Downstream of the bonnet, the RANS
models generally predict a larger recirculation zone ahead of the windscreen, leading to
a higher redirection of airflow onto the windscreen relative to the DDES results. Conse-

quently, a localised 18% reduction in the pressure peak is observed at the windscreen in
the RANS models.
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Figure 2.10: Pressure coefficient contour plots on the upper body surface of the WT
installation at 1/y.
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Along the roof, the RANS models depict a less gradual initial pressure recovery, resulting
in discrepancies of approximately 10% towards the roof’s trailing edge. Downstream
at the slant, the RANS models underpredict flow separation, which subsequently affects
the pressure distribution on the spoiler. The DDES model indicates more pronounced
high-pressure concentrations on the spoiler, with peak pressures locally exceeding those
predicted by the RANS models by up to 50%. Discrepancies in pressure distribution
across the slant and spoiler due to flow separation predictions will be examined in more
detail in Section 2.3.1.3.

As downforce is predominantly generated by the airflow beneath the vehicle, it is crucial
that the pressure distribution along the underbody is accurately captured. Figures 2.11
and 2.12 depict the pressure distribution along the underbody. A low-pressure plateau
followed by a steep pressure recovery is observed beneath the splitter, indicative of a
separation bubble and subsequent flow reattachment (57). A small depression in pressure
is present at the floor’s leading edge as airflow accelerates between the floor and ground.

The pressure then recovers towards the central section of the floor before decreasing sig-
nificantly toward the diffuser inlet due to flow extraction, forming a large low-pressure
peak. Downstream of the inlet, pressure recovery occurs throughout the diffuser as airflow
is gradually decelerated. Additionally, localised low-pressure regions appear at the edges
of the diffuser channels, induced by strong vortex formation at the side plates. These
vortices energise the airflow along the diffuser ramp, enhancing downforce generation.

While the RANS models generally capture the overall pressure distribution along the
underbody, local discrepancies arise around the splitter, diffuser inlet, and diffuser ramp.
The RANS models predict a smaller separation bubble and an earlier flow reattachment
beneath the splitter compared to the DDES results. The k-@ SST model predicts the
smallest separation bubble, resulting in an approximate 15% shorter reattachment length.
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Figure 2.11: Pressure coefficient distributions along a near-symmetry line (y = -50 mm)
on the underbody surface of the WT installation at 1h.

27



Chapter 2. CFD Workflow and Wind Tunnel Correlation  2.3. Results and Discussion

Pressure Coefficient (-)

[ - I
-1.0 -0.8 0.6 -0.4 -0.2 0.0

Spalart Allmaras k-¢ Realizable k-w SST Reynolds Stress

S0 30 I0

Figure 2.12: Pressure coefficient contour plots on the underbody surface of the WT in-
stallation at 1hy.

The Reynolds Stress model predicts the largest separation bubble among the RANS mod-
els but still underestimates the reattachment length by approximately 5%. Despite these
variations, all RANS models provide pressure predictions within 4% of the DDES results
around the suction peak and initial pressure recovery behind the floor’s leading edge.

Further along the floor, the k- SST and Reynolds Stress models perform particularly
well, with pressure deviations remaining within 1% of the DDES results. The k-¢£ Re-
alizable model maintains an adequate level of accuracy, with deviations of up to 4%,
whereas the Spalart-Allmaras model significantly underpredicts suction, with deviations
of approximately 20%. The pressure distribution in this region is strongly influenced by
the flow extraction induced by the expansion within the diffuser. The Spalart-Allmaras
model is the only RANS model to exhibit large pressure fluctuations along the diffuser
ramp, indicative of flow separation, which contributes to the observed underprediction of
suction along the floor.

The other RANS models demonstrate better agreement with the DDES results along the
diffuser ramp. In this region, pressure recovery primarily occurs along the central portion
of the ramp, with low-pressure concentrations present at the edges of each diffuser chan-
nel. However, the k-€ Realizable and Reynolds Stress models exhibit a steeper pressure
recovery across the diffuser, with surface pressures up to 20% higher than those predicted
by the DDES model. The k-w SST model shows the strongest agreement with the DDES
data in this region, providing nearly identical pressure predictions downstream of the in-
let, with discrepancies remaining within 10% towards the diffuser outlet.

2.3.1.3 Slant and Spoiler

The airflow along the slant and spoiler is primarily influenced by the prediction of vortex
flow and flow separation along the C-pillars, roof trailing edge, and slant. The DDES
results indicate a gradual airflow retardation along the slant, with higher velocity airflow
concentrated along the centre and sides, as shown in Figure 2.13.
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Figure 2.13: Normalised streamwise velocity contours at multiple frontal planes along
the slant (x =1.02 m, x =1.065m, x =1.11 m, x = 1.155 m, and x = 1.2 m) of the WT
installation at 1/y.

These high-velocity traces result from high-energy vortices originating from the overhead
measurement system and C-pillars. As these vortices propagate downstream along the
slant, they generate high-pressure concentrations on the spoiler, as previously identified
in Section 2.3.1.2. In contrast, the RANS models predict significantly smaller vortices
originating from the overhead measurement system, as evidenced by the smaller circular
high-velocity traces at the most upstream plane. Additionally, the vortex structures are
captured with lower fidelity, as indicated by the blending of two distinct circular traces
into one as the vortices travel downstream.

Despite this limitation, the k-€ Realizable model predicts a comparable vortex trajectory
along the centre of the slant. This is demonstrated by the height of the high-velocity
airflow traces and the resulting pressure concentrations at the centre of the spoiler, pre-
viously demonstrated in Figure 2.10. Conversely, the Spalart-Allmaras, k-@ SST, and
Reynolds Stress models predict a more upward vortex trajectory, evidenced by the in-
creased distance between the high-velocity airflow traces and the slant surface, causing
these models to exhibit reduced or even absent high-pressure concentrations around the
centre of the spoiler. Further discrepancies arise in the size and trajectory of the C-pillar
vortices, which leave wider and more inward directed high-velocity traces in the DDES
results, leading to the larger high-pressure concentrations observed at the sides of the
spoiler.

To examine separation predictions along the slant, velocity profiles at approximately one-
quarter of the slant’s width are extracted from each simulation, as depicted in Figure 2.14.
A characteristic boundary layer response to an adverse pressure gradient is observed
across all models, where near-wall flow deceleration leads to separation. However, vari-
ations in each model’s sensitivity to adverse pressure gradients and flow predictions at
the roof introduce notable discrepancies in the velocity profiles. The DDES results de-
pict near-wall flow reversal at the most upstream velocity profile, indicating that airflow
separates immediately at the roof’s trailing edge. Along the slant, the airflow continues
to decelerate, reaching a flow reversal velocity of approximately 25% of the freestream
velocity at the most downstream velocity profile.
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Figure 2.14: Streamwise velocity profiles at x = 1.02 m, x = 1.11 m, and x = 1.2 m along
a longitudinal line (y = -85 mm) on the slant of the WT installation at 14.

The RANS models initially exhibit a more energised boundary layer that reattaches be-
hind the roof, as demonstrated by the positive velocity in the most upstream velocity
profile. Although all RANS models exhibit noticeable boundary layer deceleration in the
subsequent velocity profile, the Reynolds Stress model is the only one to show near-wall
flow reversal. At the most downstream velocity profile, better agreement is observed, with
all RANS models predicting flow separation.

The k-€ Realizable and k-@ SST models predict a flow reversal velocity of approximately
20% of the freestream velocity and a nearly identical backflow height compared to the
DDES results. The Spalart-Allmaras and Reynolds Stress models predict a lower flow
reversal velocity of around 15% of the freestream velocity and underpredict the backflow
height by approximately 2%. Additionally, higher streamwise velocities are observed
towards the upper region of the boundary layer, likely influenced by the initially higher
boundary layer momentum predictions further upstream on the slant.

2.3.1.4 Diffuser

The diffuser is a crucial aerodynamic component in high-performance vehicles, typically
contributing over one-third of the total downforce. Therefore, accurate flow predictions in
this region are essential, particularly when assessing the vehicle’s sensitivity to ride height
variations. As previously discussed in Section 2.3.1.2, a significant pressure depression
forms at the diffuser inlet, followed by a gradual pressure recovery along the diverging
diffuser ramp. To better understand the flow behaviour within the diffuser, Figure 2.15
illustrates the distribution of shear stress along the diffuser ramp and Figure 2.16 the
streamwise velocity along several longitudinal positions in the diffuser.

The DDES results indicate high-shear-stress concentrations near the diffuser inlet, corre-
sponding to areas of high near-wall flow velocity. Further downstream, a distinct region
of low shear stress emerges along the centre of the diffuser, aligning with the noticeable
flow deceleration observed in this region.
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Figure 2.15: Streamwise shear stress contour plots on the diffuser surface of the WT
installation at 1/y.

Vortices are generated at the diffuser side plates and separators due to pressure differ-
entials between the underbody flow and the surrounding freestream air. These vortices
induce high-energy airflow onto the diffuser ramp, enhancing flow attachment within the
diffuser channels, evidenced by the localised high-shear-stress concentrations and ele-
vated near-wall flow velocities. Furthermore, traces of moderate streamwise velocity are
observed beneath the symmetry separator of the diffuser, indicative of local flow separa-
tion in this region.
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Figure 2.16: Normalised streamwise velocity contours at multiple frontal planes along
the diffuser (x=1.1 m, x = 1.2 m, and x = 1.3 m) of the WT installation at 1hA.
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The RANS models exhibit varying levels of agreement with the DDES results in predict-
ing diffuser flow characteristics. The Spalart-Allmaras model significantly overpredicts
flow separation at the centre of the diffuser, as indicated by the extensive low-shear-stress
and low-velocity regions. The k-€ Realizable model mitigates this overestimation but still
predicts a broader low-shear-stress region compared to the DDES results. Better qualita-
tive agreement is observed with the k- SST and Reynolds Stress models, which predict
a narrower region of low shear stress and exhibit flow deceleration patterns more com-
parable to the DDES findings. However, none of the RANS models capture the traces
of moderate streamwise velocity further from the diffuser ramp, suggesting limitations in
their ability to predict flow separation behaviour in this area.

Despite these discrepancies, all RANS models capture flow entertainment from the side
plate vortices within the outer diffuser channels. The k-w SST model demonstrates the
highest agreement with the DDES results regarding vortex-induced flow entertainment
at the separators, followed by the k-& Realizable and Reynolds Stress models. In con-
trast, the Spalart-Allmaras model underpredicts vortex-induced flow entertainment near
the separators, likely due to its excessive flow separation predictions in this region. Over-
all, the k- SST model provides the closest match to the DDES diffuser flow predictions,
estimating diffuser downforce within approximately 3% of the DDES results, whereas the
other RANS models underpredict diffuser downforce, with discrepancies of up to 8%.

2.3.1.5 Wake

Airflow separation from the vehicle’s body and spoiler generates a wake region of rela-
tively low-energy airflow behind the vehicle, characterised by areas of low total pressure,
as depicted in Figure 2.17. The DDES results reveal a squared near-wake region with sig-
nificant pressure losses immediately behind the vehicle. Moderate-total-pressure traces
are observed along the upper part of this wake, attributed to flow separation at the slant,
spoiler, and overhead measurement system.
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Figure 2.17: Total pressure coefficient contours at wake planes (x = 1.35 m, x = 1.85 m,
x=235m,x=285m, x=3.35m, x=3.85m, and x = 4.35 m) of the WT installation
at 1hg.
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Wake traces from the mirrors and strakes appear along the periphery of the primary wake
region, albeit with reduced intensity. Larger pressure losses occur in the middle portion of
the near-wake, dominated by a pair of counter-rotating vortices originating from flow sep-
aration of the vehicle body, evident from the two distinct oval-shaped low-total-pressure
zones which propagate downstream.

To further analyse wake characteristics, such as its dissipation and trajectory, the area-
weighted average total pressure coefficient and total-pressure-loss-weighted vertical posi-
tion are evaluated at multiple wake planes, as demonstrated in Figure 2.18. These results
indicate that wake pressure losses decay exponentially with increasing distance from the
vehicle. Moreover, the wake exhibits a predominantly upward trajectory, driven by the
upwash effect from the interaction between the counter-rotating vortex pair.

The RANS models also predict a fairly squared near-wake region with pressure losses
similar in distribution to the DDES results but with generally lower intensity. The Spalart-
Allmaras and k-€ Realizable models demonstrate noticeably more pressure losses in the
lower near-wake region due to excessive prediction of flow separation in the diffuser.
The location and intensity of wake traces from the spoiler and strakes are reasonably
well captured by all RANS models, whereas wake traces from the mirrors tend to be
positioned further outboard and appear with reduced intensity. All RANS models predict
the formation and propagation of two counter-rotating vortices, though their intensity and
trajectory vary.
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Figure 2.18: (a) Area-weighted average total pressure coefficient and (b) total-pressure-
loss-weighted average vertical position of the wake on the WT installation at 1hy.
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This is also evident in Figure 2.18, which reveals that the Spalart-Allmaras and k-¢ Real-
izable models provide the most accurate representation of wake dissipation, particularly
in the far-field, with deviations averaging around 3% from the DDES results. In con-
trast, the k- SST and Reynolds Stress models exhibit approximately 7% lower wake
dissipation throughout most of the wake region. Despite achieving reasonable agreement
in area-weighted total pressure across wake planes, the Reynolds Stress model uniquely
displays minimal vortex diffusion and therefore depicts the lowest qualitative agreement
with the DDES results.

Due to the minimal vortex diffusion, the Reynolds Stress model preserves stronger vortex
interactions as the wake evolves downstream, enhancing upwashing effects and resulting
in an approximately 10% higher vertical wake trajectory compared to the DDES results.
The wake’s vertical displacement is best captured by the k-& Realizable and k- SST
models, both achieving vertical position predictions within 2% of the DDES results at the
furthest downstream plane. Conversely, the Spalart-Allmaras model struggles to capture
vortex interactions accurately, leading to an 18% underprediction of the wake’s vertical
position at the most downstream plane.

2.3.1.6 Domain Sensitivity

Among key advantages of CFD simulations is the ability to control operating conditions,
allowing for assessments of aerodynamic performance across different domains. An ideal
turbulence model should produce robust and consistent results when applied to different
computational setups, enabling reliable cross-domain analyses. To evaluate the sensitivity
of each RANS model to variations in computational domain, simulations were conducted
in both a wind tunnel (WT installation) and an open-road (wTS installation) domain.

These simulations provide a numerical estimation of wind tunnel blockage effects, which
should remain largely unaffected by small ride height variations. As a result, a rela-
tively stable offset between aerodynamic force coefficients from both domains is expected
across the ride height range. Any significant deviation from this expected offset indicates
increased sensitivity of a given RANS model to domain changes.

Figure 2.19 presents the force coefficients from the wTS installation normalised by those
from the WT installation. The k-@ SST and Reynolds Stress models exhibit a nearly con-
stant downforce offset across all ride heights, indicating strong cross-domain robustness.
In contrast, the Spalart-Allmaras and k-& Realizable models show fluctuations of approx-
imately 4-5% in their downforce offset, highlighting a greater sensitivity to domain mod-
ifications. Additionally, the Spalart-Allmaras model presents deviations of around 2% in
its drag offset, whereas the other RANS models demonstrate fluctuations of less than 1%.

2.3.1.7 Assessment Summary

Among the evaluated RANS models, the k-@ SST model has demonstrated the highest
overall accuracy and robustness in predicting the aerodynamic performance of the Dri-
vAer hp-F. Across the considered ride height range, it consistently estimated downforce
and drag within approximately 2% of high-fidelity DDES results while maintaining com-
parable relative accuracy to experimental data.
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Figure 2.19: (a) Lift and (b) drag coefficients from the wTS installation normalised by
results from the WT installation.

In terms of surface pressure distribution, the k-w SST model effectively captured the key
trends observed on upper surfaces. A discrepancy of approximately 10% was noted in
the separated flow region over the slant and spoiler. Nonetheless, the k-@ SST model
outperformed the other RANS approaches in this regard. For underbody flow, the k-@
SST model exhibited strong agreement with DDES predictions, with pressure distribution
estimates generally within 4%. It accurately captured critical diffuser flow characteristics,
including low-pressure concentrations, shear stress distribution, and streamwise velocity
patterns. Consequently, diffuser-produced downforce was predicted with a deviation of
just 3% from DDES results, reinforcing the model’s reliability in predicting underbody
aerodynamics.

Wake structure predictions further highlight the effectiveness of the k-@ SST model. It
successfully captured dominant wake features, such as the counter-rotating vortex pair
and wake traces from upstream components, though it slightly underpredicted wake dis-
sipation by approximately 7%. Its wake trajectory predictions remained highly accurate,
with deviations of less than 2% at the most downstream plane. Additionally, the k-w
SST model exhibited low sensitivity to variations in computational domain conditions,
with relative deviations in force coefficient trends from the wind tunnel and open-road
domains remaining below 1%, confirming its robustness for aerodynamic studies across
different domains.

Overall, the k- SST model offers a good balance of accuracy, computational efficiency,
and consistency for high-performance vehicle aerodynamics. It delivers adequate flow
field predictions but requires 75 times less computational time while using half the com-
putational resources compared to DDES simulations. Given its proven reliability across
multiple aerodynamic aspects, the k- SST model is recommended as a practical and
cost-effective approach for general aerodynamic performance evaluations and flow field
characterisations of high-performance vehicles. Consequently, it is adopted for the sub-
sequent analyses in this study.
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2.3.2 'Wind Tunnel Correlation Process

2.3.2.1 Blockage Effect

Test section wall confinement during wind tunnel experiments restricts airflow expan-
sion, increasing local dynamic pressure near the vehicle model and altering its aerody-
namics. To numerically assess this blockage effect, simulations are performed in both
a computational wind tunnel domain (WT installation) and an open-road domain (WTS
installation). As shown in Figure 2.23, the blockage effect causes a consistent increase
of approximately 9% in downforce and 16% in drag across the ride height range when
compared to open-road conditions.

To investigate blockage-induced aerodynamic alterations, the vehicle’s surface pressure
distributions in the wind tunnel and open-road domains are compared in Figure 2.20.
The results reveal that low-pressure regions along the roof and underbody in the open-
road domain experience further pressure reductions in the wind tunnel domain, indicating
increased local airflow acceleration due to blockage, consistent with findings from prior
studies (23, 58). The accelerated airflow along the roof increases local lift generation by
approximately 8% compared to open-road conditions. Additionally, this accelerated flow
influences downstream regions, enhancing spoiler downforce by around 3%. Similarly,
higher underbody flow velocities in the wind tunnel domain result in approximately 7%
and 9% greater downforce contributions from the vehicle’s floor and diffuser, respectively.
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Figure 2.20: Comparison of surface pressure coefficients between the WT and wTS in-
stallations at 1hg, including (a) upper body and (b) underbody contour plots, as well as
(c) upper body and (d) underbody distributions along a near-symmetry line (y = -50 mm).
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In addition to its effects on downforce, blockage also induces a significant increase in
drag, primarily due to increased pressure build-up at the vehicle’s nose and enhanced flow
separation at the rear. The former contributes to an approximate 11% increase in local
drag at the front of the vehicle, while the latter leads to around 22% more pressure drag
at the vehicle’s base compared to open-road conditions. Furthermore, the elevated flow
velocities in proximity to the vehicle intensify shear stress along the surface, increasing
skin friction drag by over 7%.

A comparison of wake characteristics between the wind tunnel and open-road domains,
shown in Figures 2.21 and 2.22, indicates that while the primary wake mechanisms re-
main largely unchanged, increased flow separation in the wind tunnel domain results in
approximately 20% higher pressure losses in the near-wake at x = 1.35 m. However,
enhanced wake dissipation is observed further downstream in the wind tunnel domain,
leading to approximately 3% lower pressure losses at x = 4.35 m. This is attributed to
a stronger counter-rotating vortex pair, which retains higher turbulent kinetic energy and
promotes increased mixing with the high-energy freestream airflow. Additionally, as a
consequence of intensified vortex interactions, the wake trajectory is approximately 5%
higher in the wind tunnel domain relative to open-road conditions.
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Figure 2.21: (a) Area-weighted average total pressure coefficient and (b) total-pressure-
loss-weighted average vertical position of the wake on the WT and wTS installations
at 1hyg.
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Figure 2.22: (a) Total pressure coefficient and (b) turbulent kinetic energy contour plots at
wake planes (x =1.35m,x=1.85m, x=2.35m, x =3.35 m, x = 3.85 m, and x =4.35 m)
on the WT and wTS installations at 1Ay.

2.3.2.2 Blockage Correction Methods

To evaluate the accuracy of blockage correction methods, force coefficients obtained
from the computational wind tunnel domain (WT installation) are corrected using various
methods and compared against the numerical open-road reference (wTS installation). As
shown in Figure 2.23, the corrected force coefficients exhibit a maximum relative spread
of approximately 5% across different correction methods.

For the case under consideration, Maskell-based correction methods tend to undercorrect
downforce by around 3% and drag by approximately 9%. The more complex Thom &
Herriot and Mercker methods overcorrect downforce by approximately 2% and undercor-
rect drag by around 5%. The newly introduced CFD-based correction method provides
adjusted force coefficients close to the average of the conventional methods, with an un-
dercorrection of about 1% in downforce and 8% in drag.

Both the CFD and Maskell-based approaches estimate the dynamic pressure increase near
the vehicle, which is then used to correct the force coefficients. While the CFD correction
derives this information directly from representative simulation data, the Maskell-based
methods rely on simplified geometric relationships. The agreement between these two
approaches suggests that such geometric approximations provide a reasonable estimation
of the blockage-induced dynamic pressure rise.

However, all examined correction methods apply a global correction, neglecting the dis-
tinct local effects on lift and drag previously discussed. As a result, conventional blockage
correction methods should be applied with caution, particularly for drag, which may be
significantly undercorrected. More detailed approaches, such as the numerical methodol-
ogy used in this study to assess facility-induced effects, are therefore recommended for
comprehensive aerodynamic analyses.
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Figure 2.23: Correction methods applied to (a) lift and (b) drag coefficients from simula-
tions on the WT installation and compared with results from the wTS installation.

2.3.2.3 Overhead Measurement System Interference

The aerodynamic interference effects of the overhead measurement system are numeri-
cally investigated by conducting simulations in the open-road domain with (wTS instal-
lation) and without (woTS installation) the overhead measurement system. The results
indicate that its presence leads to a reduction in downforce of approximately 4% and a
decrease in drag of around 8%, which aligns with previous findings on race car configu-
rations (19).

Comparison of the surface pressure distribution for both vehicle configurations, shown in
Figure 2.24a, indicates that stagnation at the leading edge of the overhead measurement
system influences the recirculation zone ahead of the windscreen, increasing pressure on
the windscreen itself. Additionally, the aerodynamic shape of the measurement system
accelerates local airflow, leading to an approximate 6% increase in roof-generated lift.
The system also produces relatively high-energy streamwise vortices, which energise air-
flow along the centre of the slant, as depicted in Figure 2.24b.

Pressure Coefficient (-) Normalised Streamwise Velocity (-)
-0.5 -0.3 -0.1 0.1 0.3 0.5 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
wTS woTS wTS woTS
(a) (b)

Figure 2.24: Comparison of (a) pressure coefficient contour plots on the upper body
and (b) normalised streamwise velocity contour plots along vertical planes of the slant
(x=1.02m,x=1.065m,x=1.11 m, x=1.155 m, and x = 1.2 m) between the wTS and
woTS installations at 1A.
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Furthermore, the overhead measurement system alters the flow along the C-pillars, affect-
ing the propagation of roofline vortices. Without the system, these vortices remain more
inboard, as indicated by wider high-velocity airflow traces along the slant. This leads to
a more uniform high-pressure distribution on the spoiler. In contrast, with the system in
place, high-pressure concentrations become localised around the centre and edges of the
spoiler, reducing spoiler-induced downforce by approximately 30%. The altered pressure
distribution on the spoiler also impacts drag generation. The reduced pressure build-
up with the overhead measurement system results in a similar 30% decrease in spoiler
drag. Additionally, the diminished airflow interaction with the spoiler reduces local flow
separation, contributing to an approximately 11% reduction in pressure drag around the
vehicle’s rear end.

2.4 Conclusion

This study systematically evaluated the predictive capabilities of four RANS turbulence
models in capturing the aerodynamic characteristics of the DrivAer hp-F, benchmarking
their performance against experimental force data and high-fidelity DDES simulation re-
sults. Additionally, a stepwise numerical correlation approach was employed to analyse
wind tunnel blockage effects and interference from the overhead measurement system,
while also assessing the applicability of various blockage correction methods.

The experimental force data showed that both downforce and drag increased as the vehicle
was lowered from 2k to 0.33h. However, below this critical ride height, aerodynamic
performance deteriorated due to pronounced underbody flow unsteadiness. While the
RANS models generally reproduced aerodynamic forces well at high to moderate ride
heights, they failed to capture the force trends at lower ride heights. In contrast, the
DDES approach accurately captured these trends across the entire ride height range.

Among the evaluated RANS models, the k-@ SST model exhibited the highest accuracy
and consistency, predicting aerodynamic forces within approximately 2% of the DDES
results and achieving comparable relative accuracy to experimental data. It also pro-
vided reliable estimations of the general surface pressure distribution and dominant wake
characteristics. While all RANS models showed discrepancies in separated flow regions,
particularly along the slant, the k-@ SST model demonstrated the best overall agreement
with DDES predictions. Notably, it achieved this level of accuracy 75 times faster while
using only half the computational resources required for the DDES simulations.

The numerical analysis of wind tunnel blockage effects revealed that the increased dy-
namic pressure near the vehicle model led to distinct localised alterations in the flow field.
High-velocity regions, such as those on the roof and underbody, experienced further ac-
celeration, resulting in an approximate 9% increase in total downforce. Simultaneously,
increased pressure and skin friction drag contributed to an approximate 16% rise in total
drag. Wake structure analyses indicated that, while the overall wake characteristics re-
mained largely unchanged, increased separation in the wind tunnel domain led to higher
pressure losses in the near-wake, with intensified wake dissipation observed further down-
stream.
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The novel CFD-based correction method validated that conventional blockage correc-
tion approaches, based on geometric relationships, provided reasonable estimates of the
blockage-induced dynamic pressure increase. However, their global corrections were
more effective for downforce than for drag, where localised blockage effects were more
pronounced. Additionally, the overhead measurement system altered the flow field by ac-
celerating local airflow and inducing downstream interference, leading to a reduction of
approximately 4% in downforce and 8% in drag.

Based on these findings, the k-@ SST model is recommended as a cost-effective approach
for general aerodynamic studies and comparative design evaluations of high-performance
vehicles at high to moderately low ride heights. For conditions dominated by highly
unsteady flow behaviour, such as extremely low ride heights, high-fidelity DDES sim-
ulations are advised where computational resources permit. Furthermore, conventional
blockage correction methods were found to be inadequate for high-performance vehicle
applications, highlighting the need for a more comprehensive numerical quantification of
facility-induced effects, as demonstrated in this study.

Overall, this research provided valuable insights into high-performance vehicle aerody-
namics, the predictive accuracy of commonly used RANS models, and the impact of
key wind tunnel-induced effects. The findings establish guidance on meshing strategies,
turbulence model selection, and correlation processes, forming a robust foundation for
integrated numerical and experimental aerodynamic investigations in both research and
industry applications.

Data Availability Statement

All data supporting this study are included within the chapter.
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Chapter 3

Aerodynamic Analysis and Turbulence
Model Evaluation at Varying Ride
Heights

This chapter was originally published as:

1. Rijns S., Teschner TR, Blackburn K, Brighton J. Aerodynamic analysis of the ride
height dependency of a high-performance vehicle equipped with a multichannel diffuser
in ground effect. SAE Technical Paper 2023-01-5064. 2023. Available from: https:
//doi.org/10.4271/2023-01-5064.

2. Rijns S, Teschner TR, Blackburn K, Brighton J. Comparative analysis of RANS and
DDES methods for aerodynamic performance predictions for high performance vehicles
at low ground clearances. UKACM 2023 Conference. Coventry, UK: UKACM; 2023.

Abstract

The floor and diffuser of high-performance vehicles are key contributors to downforce
generation, yet most research has focused on simplified bluff bodies with plane diffusers,
leaving the flow physics of more complex multichannel diffusers less understood. This
study investigates the aerodynamic performance of a high-performance vehicle equipped
with a multichannel diffuser across various ride heights. A comparative assessment of
Reynolds-Averaged Navier-Stokes (RANS) and Delayed Detached Eddy Simulation
(DDES) models reveals that while both approaches effectively predict downforce and
underbody flow characteristics at medium to high ride heights, only the DDES model
captures the unsteady flow phenomena that dominate at lower ride heights. An in-depth
aerodynamic analysis using the DDES results highlights the critical role of the diffuser’s
side plate vortices in driving flow attachment and thereby downforce generation. At ex-
tremely low ride heights, increased ground flow interactions destabilise diffuser vortex
flow, weakening flow entrainment and reducing downforce. Overall, the findings deepen
understanding of ride height effects on high-performance vehicles with multichannel dif-
fusers, guiding underbody design considerations. The turbulence model evaluation further
underscores the trade-off between cost-effective RANS models and high-fidelity DDES
simulations in capturing unsteady flow, informing Computational Fluid Dynamics (CFD)
methodology development for investigations on vehicle aerodynamics.

Keywords: Aerodynamics; CFD; RANS; DDES; Diffuser; Ground Effect; DrivAer
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Chapter 3. Aerodynamic Analysis at Varying Ride Heights 3.1. Introduction

3.1 Introduction

The aerodynamic design of racing and high-performance vehicles is primarily focused
on maximising downforce and minimising drag to enhance handling and overall perfor-
mance. The vehicle’s underbody, particularly the floor and diffuser, plays a crucial role
in this process. In Formula One cars, for example, the underbody contributes to over
50% of the total downforce while generating only about 20% of the overall drag (1).
The fundamental mechanism behind underbody downforce generation is based on the
Venturi effect, where airflow is accelerated between the vehicle’s floor and the ground,
creating a low-pressure region underneath the vehicle. The diffuser expansion facilitates
a controlled pressure recovery, increasing mass flow through the underfloor region and
inducing suction at the diffuser inlet, thereby enhancing downforce generation (2).

Experimental studies on simplified bluff bodies equipped with plane diffusers have exten-
sively characterised the influence of ride height on downforce and drag (2, 3,4, 5,6, 7). In
addition to the Venturi effect, these studies highlighted the crucial role of vortex structures
formed at the diffuser’s edges, which aided in flow attachment and downforce generation.
The relationship between downforce and ride height generally followed a trend in which
decreasing ride height initially increased downforce until a critical point was reached,
beyond which further reduction led to flow separation and downforce degradation. At
low ride heights, the vortex structures in plane diffusers were found to become unstable,
resulting in asymmetric flow patterns that negatively impact aerodynamic performance.

Experimental investigations on more complex multichannel diffusers have demonstrated
superior aerodynamic performance compared to plane diffusers (8, 9). The additional
channels were found to mitigate asymmetric flow conditions observed in plane diffusers at
very low ride heights. Notably, four-channel diffusers were shown to exhibit particularly
strong performance due to the formation of secondary vortices within the inner channels,
which contributed to improved stability and downforce generation.

Numerical studies have also predominantly focused on plane diffusers, often at fixed ride
heights (10, 11, 12). An exception is the study by Mayoral et al. (13), which explored
ride height effects but was constrained to medium ride heights due to the limitations of
Reynolds-Averaged Navier-Stokes (RANS) models in accurately capturing unsteady flow
behaviour near the critical ride height for maximum downforce. However, research on
multichannel diffusers remains limited. While RANS simulations have identified primary
and secondary vortex structures in these configurations (14, 15), their ride height depen-
dency and impact on aerodynamic performance have not been thoroughly examined yet.

Despite the advantages of multichannel diffusers, gaps remain in understanding their aero-
dynamic behaviour, particularly at varying ride heights. Most research has focused on
simplified bluff bodies with plane diffusers, limiting the applicability of findings to re-
alistic high-performance vehicles. Previous numerical studies were often restricted to
specific operating conditions or relied on RANS simulations, which struggled to capture
unsteady flow and vortex dynamics at low ride heights. These limitations highlight the
need for high-fidelity simulations on realistic vehicle geometries with multichannel dif-
fusers to assess aerodynamic performance across a range of ride heights.
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This study addresses these gaps by conducting a detailed numerical investigation of a
high-performance vehicle equipped with a four-channel diffuser. It examines the aerody-
namic performance of this configuration across varying ride heights using Computational
Fluid Dynamics (CFD) simulations with both RANS and Delayed Detached Eddy Sim-
ulation (DDES) models. The study benchmarks RANS predictions against experimental
data and high-fidelity DDES results to assess its accuracy in capturing critical flow fea-
tures. Additionally, the DDES simulations are used to provide an in-depth analysis of the
unsteady flow phenomena governing diffuser performance, with particular attention to
vortex formation and their role in diffuser aerodynamics. These findings provide insight
into the applicability of RANS and DDES models for predicting ride height sensitivity,
and enhance understanding of ride height effects on high-performance vehicles with mul-
tichannel diffusers.

3.2 Methodology

3.2.1 Vehicle Geometry

The DrivAer model is a widely used generic vehicle model designed for aerodynamic
research (16). This study employs the high-performance variant of the DrivAer Fast-
back, known as the DrivAer hp-F model, developed by Soares et al. (17). As shown in
Figure 3.1, the DrivAer hp-F is a 35% scale model featuring a smooth underbody, side
mirrors, enclosed wheel cavities, and various aerodynamic add-ons, including a front
splitter, forebody strakes, a rear spoiler, and an underbody diffuser. The key geometric
parameters are summarised in Table 3.1, with further details available in (17). To support
the analysis of diffuser aerodynamics, Figure 3.2 provides a detailed breakdown of its
components.

Figure 3.1: Illustration of the DrivAer hp-F model.
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Figure 3.2: Description of the multichannel diffuser.

3.2.2 Experimental Validation Data

The numerical simulations in this study are validated against wind tunnel experiments
conducted by Soares et al. (18) on the DrivAer hp-F model in the 8x6 Wind Tunnel at
Cranfield University. The experimental setup incorporated a moving ground system and
a two-stage boundary layer suction system. Aerodynamic forces were recorded across
eight ride heights at a freestream velocity of 40 m/s using an overhead balance system
with full-scale uncertainties of £0.90 N for lift and £0.18 N for drag. The measurement
setup maintained a blockage ratio of approximately 10.2%.

3.2.3 Computational Fluid Dynamics Simulations

3.2.3.1 Domain and Boundary Conditions

Accurately reproducing wind tunnel conditions in CFD simulations is crucial for achiev-
ing strong correlation between numerical and experimental results, as demonstrated in
Chapter 2 (19). Accordingly, the computational domain follows the methodology de-
tailed in Section 2.2.3.1, ensuring close alignment with the testing conditions of the 8x6
Wind Tunnel at Cranfield University.

Table 3.1: Main dimensions of the DrivAer hp-F model.

Parameter Symbol  Value Unit
Car scale cSs 35 %
Length L 1.6144 m
Width %4 0.6273 m
Diffuser length Lp 0.3482 m
Ride height ho 0.0455 m
Area Aref 0.2556 m?
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In straight-line conditions, as in the experimental setup, the time-averaged flow field of a
vehicle can be reasonably assumed to be symmetric. This assumption is further supported
by prior research on multichannel diffusers, such as the one implemented on the DrivAer
hp-F, which mitigate asymmetric flow structures typically observed in planar diffusers at
low ride heights (8, 9). Leveraging this symmetry enables the use of a half-car model,
which has been demonstrated to reduce mesh sizes by over 40% while maintaining force
deviations below 1% compared to full-car simulations (20, 21).

Although the DDES simulations inherently resolve unsteady turbulence, which does not
obey instantaneous symmetry (22), the focus of this study is on time-averaged flow prop-
erties, where turbulent fluctuations along the symmetry plane have a negligible influence.
The strong agreement between DDES predictions and experimental force measurements,
as will be shown in Section 3.3.1, further validates this modelling approach.

The computational wind tunnel, illustrated in Figure 3.3, is modelled as a straight test
section with a height of 1.787 m and a width of 1.219 m, incorporating 431.05 mm long
corner fillets. Following established best practices in automotive aerodynamics (23), the
domain extends from a velocity inlet located three vehicle lengths (L) upstream to a pres-
sure outlet positioned 5L downstream of the vehicle, ensuring proper flow development
before and sufficient wake propagation behind the vehicle.

Boundary conditions are prescribed to replicate the wind tunnel setup. The ground plane
is modelled as a no-slip moving wall to simulate the experimental moving ground sys-
tem, while the top and side walls are treated as no-slip stationary surfaces. The inlet and
moving ground velocity are set to match the freestream velocity of U, = 40 m/s, with air
properties corresponding to those in the experiments, as detailed in Table 3.2. To main-
tain consistency with the physical setup, the computational model explicitly incorporates
both the vehicle and the overhead measurement system, preserving a blockage ratio of
approximately 10.2%.

1219

Figure 3.3: Illustration of the computational wind tunnel domain with dimensions in mm.
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Table 3.2: Overview of the wind tunnel air properties.

Parameter Symbol Value Unit
Air density P 1.1678 kg/m’
Air dynamic viscosity u 18.377e-6  kg/(m-s)
Atmospheric pressure Pim 99982 Pa
Dynamic pressure Payn 934.18 Pa
Tunnel temperature T 25.1 °C
Turbulent intensity It 0.052 %
3.2.3.2 Mesh

Unstructured poly-hexcore meshes for the RANS and DDES simulations are generated
in ANSYS Fluent Meshing, following the validated methodology in Section 2.2.3.2 (19),
based on prior meshing strategies for automotive aerodynamics (21, 24, 25). Both meshes
use a base mesh and vehicle surface mesh size of approximately 7.4% and 0.45% of the
vehicle’s length, respectively. To enhance geometric resolution, local surface refinement
is applied to aerodynamic devices and small features, reducing element size in these areas
by over 80%.

The RANS mesh adopts a practical near-wall treatment, with an average y™ of approx-
imately 150 and four inflation layers along the vehicle surface. In contrast, the DDES
mesh employs a significantly more refined near-wall treatment, with an average y* of ap-
proximately 0.7 and 15 inflation layers, ensuring enhanced resolution of near-wall flow.
The wind tunnel walls are treated with a y™ of around 170, incorporating six inflation
layers in both meshes to capture boundary layer development.

To balance computational efficiency with flow field resolution, four refinement zones pro-
gressively increase the element size from the near-field to the far-field domain, ensuring a
smooth transition, as shown in Figure 3.4. In the DDES mesh, finer near-field resolution
ensures a gradual transition between the inflation layers and surrounding cells, maintain-
ing compatibility with the low y* treatment. The final grids contain approximately 6
million cells for the RANS simulations and 22 million cells for the DDES simulations.

RANS: 6.25%
DDES: 2% 12.5% 25% 50% 100%

1L 1.25L 1.25L 1.25L

Figure 3.4: Close-up view of the mesh on the symmetry plane, highlighting refinement
zones in red with element sizes expressed as a percentage of the base mesh size.
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3.2.3.3 Solve

The RANS simulations employ the k-@ SST turbulence model (26) in ANSYS Fluent,
selected based on the turbulence model evaluation in Section 2.3.1 (19), where it demon-
strated the highest accuracy and consistency in predicting the aerodynamic performance
of the DrivAer hp-F. The governing equations include continuity, momentum, and trans-
port equations for turbulent kinetic energy and specific dissipation rate.

The numerical setup follows the methodology outlined in Section 2.2.3.3, with pressure-
velocity coupling handled using the coupled scheme, gradients computed via the least-
squares cell-based method, and pressure discretised using a second-order scheme. The
momentum and transport equations are solved using a second-order upwind scheme. Each
simulation runs for 1000 iterations, with force coefficients averaged over the final 500
iterations. Computations are performed on two AMD EPYC 7543 processors using 64
cores, with an average simulation time of approximately 1.2 hours per case.

The DDES simulations (27) also adopt the methodology from Section 2.2.3.3, utilising the
k-w SST RANS background model. These simulations are initialised using steady-state
k- SST RANS solutions on the high near-wall resolution mesh. The numerical scheme
mirrors that of the RANS setup except for the momentum equation, which is solved us-
ing the bounded central differencing scheme, as recommended by ANSYS Fluent (28).
Furthermore, the governing equations are temporally discretised using a bounded second-
order implicit formulation.

Time step selection follows the approach of Aultman et al. (29), where a non-dimensional
time step of Sy provides a balance between computational cost and resolution of turbu-
lent structures. Accordingly, a physical time step of r = 3.125 x 10™* s with 10 inner
iterations per step is employed. Each simulation runs for 2 s of flow time, equivalent to
49.6 convective time units (CTUs), with the initial 1 s (24.8 CTUs) dedicated to washing
out the RANS initialisation and achieving statistical convergence, followed by another 1 s
(24.8 CTUs) for flow field averaging and collection of unsteady statistics. The DDES sim-
ulations are conducted on four AMD EPYC 7543 processors using 128 cores, requiring
approximately 90 hours per case.

3.3 Results and Discussion

This section first examines the influence of ride height on the vehicle’s aerodynamic per-
formance using experimental force data. Subsequently, the predictive capabilities of the
RANS and DDES turbulence models are evaluated, followed by a detailed analysis of
the vehicle’s aerodynamic behaviour and underbody flow structures as a function of ride
height based on DDES results. Several figures within this section present flow field data
on frontal planes positioned within the diffuser. These planes are normalised by the dif-
fuser’s length Lp (m) and referenced relative to the diffuser inlet, located at x = 0.975 m.

The experimental force coefficient data, presented in Figure 3.5, demonstrate a pro-
nounced influence of ride height on aerodynamic performance. As the vehicle’s ride
height decreases from 2k to 0.33hg, downforce increases by more than 80%.
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This enhancement is primarily driven by stronger flow acceleration beneath the vehicle,
which generates a low-pressure region, thereby producing more downforce. However, this
increase in downforce is accompanied by a rise in induced drag, leading to a nearly 10%
increase in overall drag within this ride height range. At ride heights below 0.334, further
reductions in ground clearance lead to a decline in downforce. Over the 0.334g - 0.2k
range, downforce decreases by approximately 6%, with a corresponding reduction in drag
of around 3%. The mechanisms driving this deterioration in aerodynamic performance
will be analysed in detail in Section 3.3.2.

It is important to note that the experimental data and subsequent analyses are based on a
wheel-less vehicle configuration. Prior studies have shown that front wheels cause lower-
energy airflow to enter the diffuser, while rear wheels suppress vortex formation along the
sides of the diffuser and introduce wake disturbances into the diffuser region (30, 31, 32).
As such, the presence of wheels is expected to reduce overall aerodynamic performance,
limit downforce gains with decreasing ride height, and cause an earlier onset of critical
ride height conditions. Nonetheless, the exclusion of wheels in this study enables focused
analyses of the core flow mechanisms driving underbody and diffuser performance, pro-
viding meaningful insights and a robust basis for evaluating the predictive capabilities of
RANS and DDES simulations.

3.3.1 RANS vs DDES

The comparison between numerical predictions and experimental data, presented in
Figure 3.5, indicates that the DDES model consistently overestimates downforce by ap-
proximately 7% across the entire ride height range. Drag is slightly underpredicted by
about 2% within the 2hg - 0.5h¢ ride height range but converges more closely with exper-
imental data at lower ride heights of 0.33%¢ - 0.2hy. The RANS model exhibits a slightly
greater overestimation of downforce, averaging nearly 10% within the 2hq - 0.5k range.
However, at critically low ride heights of 0.33Aq - 0.2k, the RANS model predicts a pro-
nounced decline in downforce. Within the 2h¢ - 0.5k range, drag is underpredicted by
about 1%, but at lower ride heights, the underprediction increases, reaching up to 5%.

-0.5 . . 0.34 . . .
—e—DDES —e—DDES
—e—RANS . —e—RANS

:. Experimental ] 3 Experimental
— -0.7 1 0.32 +
S} S)
E g
£-09 5 0.30
o
=) =i
g 8
8 © L
& -1.1 %ﬂ 0.28 +
= A
_13 L L L L L L L L ()26 L L L L L L L L
02 04 06 08 1.0 1.2 14 16 1.8 2.0 02 04 06 08 1.0 12 14 16 1.8 20
Normalised ride height [h/hg (-)] Normalised ride height [h/hg (-)]
(a) (b)

Figure 3.5: Comparison of (a) lift and (b) drag coefficients obtained from wind tunnel
experiments and numerical simulations using RANS and DDES turbulence models.
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Both turbulence models accurately capture the overall trend of increasing downforce and
drag with decreasing ride height within the 2hq - 0.5h¢ range. The RANS model provides
downforce predictions that on average deviate by approximately 2% from the DDES re-
sults, while requiring around 75 times less computational time and utilising only half the
number of processing cores. However, at very low ride heights of 0.33hg - 0.2k, the
RANS model diverges significantly from both experimental data and DDES predictions,
failing to predict the correct force trends.

The systematic overestimation of downforce in both models may be attributed to sim-
plifications in the computational wind tunnel domain, particularly in the contraction and
diffuser sections. Hyvirinen (33) demonstrated that such simplifications can introduce
minor flow field variations and reduce static pressure within the tunnel, consequently af-
fecting the correlation of force predictions.

The limitations of the RANS model at low ride heights are further highlighted in the
surface pressure distributions on the vehicle’s underbody, presented in Figure 3.6a. At
1ho, both models predict similar pressure distributions, with only minor discrepancies
near the symmetry separator, where localised flow separation is captured by the DDES
model. The low-pressure regions generated by vortices along the diffuser side plates and
separators are comparable in both size and magnitude at this ride height. However, at
0.33h, the RANS model predicts significantly greater flow separation within the diffuser,
leading to a higher overall surface pressure compared to the DDES results. Additionally,
the low-pressure regions associated with the side plate and separator vortices are notably
weaker and more confined in the RANS predictions, indicating reduced vortex strength.

Pressure Coefficient (-) RMSE Pressure Coefficient (-)

0.00 0.03 0.06 0.09 0.12 0.15

-1.0 0.8 0.6 0.4 0.2 0.0
1hn# & 1ho‘

RANS DDES

(a) (b)

Figure 3.6: (a) Pressure coefficient contour plots from RANS and DDES simulations, and
(b) contour plots of the Root Mean Square Error (RMSE) of the pressure coefficients from
DDES simulations at ride heights of 0.33%4y and 1hy.
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These discrepancies in surface pressure correlate with regions of elevated pressure fluctu-
ations, as illustrated in Figure 3.6b. At 1A, moderate pressure fluctuations are observed
around the symmetry separator due to minor flow separation, while fluctuations near the
side plate and separator vortices remain relatively small, indicative of steady vortex be-
haviour (34). In contrast, at 0.33h, the diffuser exhibits significantly larger pressure
fluctuations, particularly near the symmetry separator and along the side plates. This sug-
gests a transition to highly unsteady vortex flow at low ride heights, a phenomenon that
the RANS model fails to capture accurately.

The transition to unsteady vortex behaviour at low ride heights is further illustrated in
the vorticity distributions shown in Figure 3.7. At 1A, both models predict well-defined,
circular vortex cores along the inside of the diffuser side plates and separators, indicative
of stable vortex structures (6). While the DDES model provides greater flow details, the
RANS model adequately captures the dominant vortex structures and their influence on
diffuser performance at medium to high ride heights.

However, at 0.334, the DDES results reveal a significant transformation in vortex dynam-
ics, with the concentrated vortex cores expanding into spiral-shaped structures character-
istic of vortex instability (35). In contrast, the RANS model predicts substantially weaker
vortices that dissipate rapidly as they propagate downstream. The model’s inability to
capture these unstable vortex structures explains its deteriorating prediction accuracy at
low ride heights, where aerodynamic performance becomes dominated by unsteady flow
phenomena. The transition to highly unsteady flow and its implications will be explored
further below.

X-Vorticity (s™)

-6.0e3 -4.0e3 -2.0e3 0.0 2.0e3 4.0e3 6.0e3

- Rl Ryl Hr—ﬂj

0.36Lp 0.65Lp 0.93Lo

(a)

X-Vorticity (s™)
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Figure 3.7: Streamwise vorticity contour plots on frontal planes at positions 0.36Lp,
0.65Lp, and 0.93Lp within the diffuser, from RANS and DDES simulations at ride heights
of (a) 0.33h¢ and (b) 1hy.
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3.3.2 Ride Height Analysis
3.3.2.1 Underbody Pressure Distribution

The pressure distribution along the vehicle’s underbody exhibits significant variation with
ride height, as illustrated in Figure 3.8. At high ride heights, a low-pressure region
forms beneath the front splitter due to flow separation induced by its sharp leading edge.
Figure 3.9 shows that a characteristic low-pressure plateau is created along the separation
bubble, followed by a pressure recovery region toward the point of flow reattachment,
similar to the behaviour observed on a flat plate (36).

As the ride height decreases, the increased flow acceleration beneath the vehicle reduces
the size of the separation bubble, resulting in a shorter low-pressure plateau and an earlier
onset of pressure recovery. At very low ride heights, flow reattachment occurs so early
that the local pressure beneath the splitter becomes marginally positive due to its slightly
inclined orientation relative to the oncoming airflow.

Downstream of the reattachment point, a pronounced suction peak develops along the
floor due to the acceleration of airflow beneath the vehicle. The magnitude of this suc-
tion peak increases nearly by a factor of four between the highest and lowest ride heights
examined. Further along the underbody, the pressure gradually recovers towards the cen-
tral section of the floor before the airflow accelerates again towards the diffuser inlet,
generating a second suction peak.

Unlike the pressure depression observed near the front axle, the suction peak at the dif-
fuser inlet does not continue to increase indefinitely as ride height decreases. Instead, it
reaches a maximum around a ride height of 0.54g - 0.33/. The subsequent section will
demonstrate that flow separation within the diffuser becomes more pronounced at lower
ride heights, reducing the diffuser’s capacity to extract airflow and thereby limiting the
further increase in suction.
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Figure 3.8: Pressure coefficient contour plots on the underbody surface at various ride
heights.
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Figure 3.9: Pressure coefficient distributions along a near-symmetry line (y = -50 mm) on
the underbody surface at various ride heights.

The suction peak at the diffuser inlet is followed by a gradual pressure recovery towards
the diffuser exit. Athigh ride heights, this recovery occurs relatively uniformly, whereas at
lower ride heights, minor pressure fluctuations emerge within the inner diffuser channels,
indicative of localised flow separation. Additionally, the low-pressure regions in the outer
diffuser channels grow in both size and magnitude at reduced ride heights, driven by
intensified vortex flow. The influence of these vortex structures on diffuser performance
will be examined in greater detail in the following discussion.

3.3.2.2 Multichannel Diffuser Flow

This section utilises streamwise vorticity, shear stress, and velocity magnitude results,
presented in Figures 3.10, 3.11, and 3.12, to investigate the evolution of vortices within
the multichannel diffuser and their influence on downforce generation as a function of
ride height. Figure 3.10 depicts the development of these vortices, with downstream
progression shown from left to right at three longitudinal positions, and variation with
ride height illustrated from top to bottom.

Vortices originating from the front splitter can be identified on either side of the vehicle at
high ride heights and progressively migrate inwards towards the increasing low-pressure
region beneath the vehicle as ride height decreases. Additionally, localised vorticity fluc-
tuations are observed around the symmetry separator, particularly at low ride heights, due
to flow separation. However, these fluctuations do not resemble coherent vortex structures
that promote flow attachment. This analysis primarily focuses on the dominant vortices
generated at the side plates and secondary vortices formed at the separators.

The vortices at the side plates develop due to the pressure difference between the free-
stream airflow along the vehicle’s sides and the low-pressure region beneath the under-
body. As the freestream flow is drawn inwards, it separates from the side plates and rolls
up into vortices with high concentrations of vorticity, as shown in Figure 3.10.
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Figure 3.10: Streamwise vorticity contour plots on frontal planes at positions 0.36Lp,
0.65Lp, and 0.93Lp within the diffuser at various ride heights.

Additionally, as the airflow accelerates between the side plates and the ground plane,
significant crossflow is induced, as depicted in Figure 3.12. The side plate vortices entrain
this relatively high-energy airflow, along with a portion of the high-energy flow from
underneath the vehicle, directing it upwards towards the diffuser ramp.

X-Wall Shear Stress (Pa)

Figure 3.11: Streamwise shear stress contour plots on the diffuser at various ride heights.
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This mechanism enhances flow attachment in the outer diffuser channels, evidenced by
regions of high shear stress in Figure 3.11, and contributes to the formation of the low-
pressure regions previously identified in Figure 3.8.

Within the ride height range of 2hq - 0.5k, the side plate vortices remain relatively stable,
forming circular cores of high vorticity. As these vortices progress through the adverse
pressure gradient from 0.36Lp to 0.93Lp, they increase in size but gradually weaken.
Furthermore, as ride height decreases within this range, the vortices grow in strength, size,
and streamwise velocity, thereby enhancing flow entertainment in the outer channels.

At lower ride heights of 0.33hg — 0.2h¢, the vortex structures undergo a fundamental tran-
sition. Instead of stable circular cores, they form spiral-like distributions with peak vortic-
ity concentrated in the lower regions. The vortices exhibit a greater radial expansion and
their core velocities decrease or become negative, indicative of vortex breakdown (35).
This transition is driven by stronger ground interaction, where the boundary layer formed
by crossflow beneath the vehicle encounters a steep adverse pressure gradient due to high
airflow acceleration beneath the side plate vortices.

Normalised Velocity Magnitude (-)

0.00 0.25 0.50 0.75 1.00 1.25

1.5h0 2h0

Figure 3.12: Normalised velocity magnitude (U /Us) contour plots on a frontal plane at
position 0.36Lp within the diffuser at various ride heights.
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In the 0.33hg — 0.2h¢ ride height range, this adverse pressure gradient becomes strong
enough to induce boundary layer separation, generating a layer of opposite vorticity that
interacts with the side plate vortices. Studies on vortices in close ground proximity have
demonstrated that this secondary layer of opposite vorticity induces an upward velocity
on the primary vortex, commonly referred to as the rebound effect (37, 38, 39). However,
within the confined geometry of the diffuser, this interaction inhibits the vortex from
rolling into a concentrated core, instead generating an unstable spiral-like structure. At
ride heights below 0.334, the intensified ground interaction leads to horizontal stretching
of the side plate vortices, causing the freestream airflow to be induced predominantly
horizontally rather than being directed upwards towards the diffuser ramp. Consequently,
flow entertainment in the outer channels diminishes at these low ride heights.

The high-energy airflow induced by the side plate vortices not only enhances flow attach-
ment in the outer channels but also facilitates the formation of vortices at the separators.
These separator vortices are significantly smaller in scale, exhibiting less than half the
peak vorticity and streamwise velocity of the side plate vortices. Despite their lower in-
tensity, the separator vortices contribute to flow entertainment within the inner channels,
mitigating large-scale separation that would otherwise dominate plane diffusers (9). How-
ever, the effectiveness of the separator vortices declines noticeably at ride heights below
0.75ho, whereas flow entertainment from side plate vortices only reduces below 0.33Ay.
This discrepancy arises from the above-mentioned altered induced airflow direction from
the side plate vortices, which less effectively sustains vortex formation at the separators.

As ride height decreases further, the reduction in flow entertainment within the inner
channels, combined with the increasingly severe adverse pressure gradient along the
diffuser ramp, results in extensive flow separation. Consequently, the diffuser’s ability
to extract airflow from beneath the vehicle diminishes, a trend previously identified in
Section 3.3.2.1, where the suction peak at the diffuser inlet was shown to reduce signifi-
cantly at very low ride heights.

3.4 Conclusion

This study investigated the aerodynamic performance of the DrivAer hp-F model as a
function of ride height, providing critical insights into the flow mechanisms governing
downforce generation. In addition, it evaluated the predictive capabilities of both RANS
and DDES turbulence models, with particular emphasis on their accuracy at critically low
ride heights.

The turbulence model comparison showed that both models effectively captured overall
trends in downforce and drag at medium to high ride heights. In this range, the RANS
model predicted aerodynamic forces within approximately 2% of the DDES simulations
but required 75 times less computation time while using only half the computational re-
sources. It also closely replicated underbody pressure distributions and dominant vortex
structures. However, at low ride heights, where unsteady flow phenomena governed aero-
dynamic performance, only the DDES model accurately reproduced the force trends. The
RANS model failed to predict gradual flow separation and unstable vortex behaviour in
the diffuser, leading to notable deviations from both the experimental and DDES results.
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The ride height analysis demonstrated that downforce and drag increased by roughly 80%
and 10%, respectively, as ground clearance decreased from 24g to 0.33hg. Under these
conditions, the underbody pressure distribution exhibited a pronounced suction peak near
the front axle, followed by a gradual recovery along the vehicle floor and a subsequent
low-pressure peak at the diffuser inlet. The underbody pressure generally continued to de-
crease with lower ground clearance, due to the enhanced flow acceleration underneath the
vehicle. Conversely, at critically low ride heights of 0.33A¢ to 0.2A¢, both downforce and
drag declined as unstable vortex behaviour and extensive flow separation in the diffuser
compromised performance.

Vortex dynamics within the diffuser played a pivotal role in aerodynamic performance.
Dominant vortices formed at the diffuser’s side plates, driven by the pressure differential
between the freestream airflow and the low-pressure underbody flow. These vortices in-
duced high-energy airflow onto the diffuser ramp, thereby promoting flow attachment and
facilitating the formation of secondary vortices at the channel separators.

In the high to medium ride height range, the side plate vortices increased in strength
and size with reducing ride height, thereby enhancing flow entertainment and diffuser
downforce. However, at very low ride heights, intensified interaction between the side
plate vortices and crossflow along the ground formed a layer of opposite vorticity. This
interaction disrupted the formation of coherent vortex cores, causing the vortices to stretch
and become unstable, which in turn diminished their ability to induce flow towards the
diffuser ramp and reduced aerodynamic performance.

Overall, this study demonstrated the applicability of both RANS and DDES turbulence
models across a wide range of ride heights and provided key insights into the aerodynamic
effects of ride height on high-performance vehicles with multichannel diffusers. Findings
on the turbulence models’ prediction accuracy offer valuable guidance for model selection
and assessment, supporting methodological advancements in both research and industry.
Additionally, the insights into the influence of ride height on aerodynamic forces, surface
pressure distributions, and vortex dynamics form a crucial foundation for developing more
aerodynamically efficient underbody designs.

Data Availability Statement

All data supporting this study are included within the chapter.
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Chapter 4

Aerodynamic Analysis of Yaw
Conditions

This chapter was originally published as:

Rijns S, Teschner TR, Blackburn K, Proenca AR, Brighton J. Experimental and numeri-
cal investigation of the aerodynamic characteristics of high-performance vehicle config-
urations under yaw conditions. Physics of Fluids. 2024;36(4):045112. Available from:
https://doi.org/10.1063/5.0196979.

Abstract

This study examines the impact of yaw on the aerodynamic performance and flow field
of three high-performance vehicle configurations using wind tunnel experiments and Un-
steady Reynolds-Averaged Navier-Stokes (URANS) based Computational Fluid Dynam-
ics (CFD) simulations. While yaw effects on automotive vehicles have been explored,
their influence on the more complex flow fields of high-performance vehicles remains in-
sufficiently researched. This study shows that yaw significantly degrades both downforce
and drag performance, with lift on the standard vehicle nearly quadrupling and drag rising
by 27% over a 20° yaw range. Spoiler and rear wing devices increase both downforce and
drag, while also influencing the vehicle’s yaw sensitivity compared to the baseline config-
uration. Depending on the device, variations in lift, drag, and side force coefficients across
the yaw angle range are up to 29% higher, 31% lower, and 16% higher, respectively. Ad-
ditionally, yaw conditions significantly alter vortex structures and local flow velocities,
affecting downstream flow behaviour. Surface pressure measurements on the slant con-
firm these findings, highlighting notable yaw-induced effects and upstream pressurisation
from the spoiler and rear wing devices. Wake analyses through total pressure measure-
ments show that yaw induces a substantial deviation from straight-line wake characteris-
tics, which become dominated by an inboard-rotating vehicle body vortex. Overall, this
research advances the understanding of yaw effects on high-performance vehicle aerody-
namics, providing comprehensive insights and experimental data for future analyses in
real-world operating conditions.

Keywords: Aerodynamics; Yaw; Wind Tunnel; CFD; URANS; DrivAer
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Chapter 4. Aerodynamic Analysis of Yaw Conditions 4.1. Introduction

4.1 Introduction

Aerodynamic research plays a crucial role in optimising vehicle performance in both au-
tomotive and motorsport industries. Vehicles operate in a wide range of dynamic con-
ditions, such as yaw and cornering, which can significantly influence their aerodynamic
performance. This is particularly critical for high-performance vehicles, which rely on
substantial downforce generation from their aerodynamic elements to enhance tractive
forces. However, the majority of published research focuses on straight-line conditions,
offering only limited insights into real-world dynamic driving scenarios.

Research on dynamic conditions has primarily focused on examining yaw effects on sim-
plified automotive bodies, with findings generally indicating that drag increases exponen-
tially with yaw angle (1, 2, 3, 4, 5, 6). While drag has been the primary focus, some
studies reported a stronger exponential increase in lift with yaw angle (3, 6, 7, 8, 9). Ad-
ditionally, variations in experimental setups and vehicle model mounting methods influ-
enced yaw sensitivity, highlighting the significant role of underbody flow in aerodynamic
performance under these conditions.

The impact of yaw conditions on aerodynamic performance has been attributed to varia-
tions in the flow field (2, 3, 7, 8, 10, 11, 12). These studies showed that yaw introduced a
windward pressure build-up, resulting in a leeward-acting side force that increased almost
linearly with yaw angle. Flow structures also altered, with enhanced vortex formation
along the windward roofline, windward C-pillar, and leeward roofline. Additionally, yaw
conditions increased separation along the vehicle’s leeward side and generated a distinct
vortex along the leeward edge of the underbody. Flow attachment typically enhanced
along the slant, while strong low-pressure regions formed on the leeward side of the base
due to wake recirculation, driven by interactions with the windward C-pillar vortex.

Research on more realistic passenger vehicles has revealed different trends compared to
those observed for simplified automotive bodies (13, 14, 15, 16, 17). Findings showed
that drag increased approximately linearly up to 10° yaw before the rate of increase began
to plateau. Lift initially decreased at yaw angles below 4° but rose exponentially at larger
angles. Side force increased fairly linearly with yaw, consistent with trends observed for
simplified bodies.

Flow field investigations on passenger vehicles indicated a suppression of the windward
A-pillar vortex and leeward C-pillar vortex under yaw conditions, while the leeward A-
pillar vortex strengthened and shifted outward (14, 16, 17, 18, 19, 20, 21). The behaviour
of the windward C-pillar vortex varied with rear-end geometry, though all configurations
exhibited a dominant inboard-rotating wake vortex on the windward side. These discrep-
ancies suggest that yaw effects observed for simplified bodies may not directly translate
to more complex vehicle geometries.

Existing research has provided valuable insights into yaw-induced aerodynamic effects on
simplified automotive bodies and passenger vehicles. However, high-performance vehi-
cles feature aerodynamic elements such as splitters, spoilers, wings, and diffusers to gen-
erate downforce. These devices have been shown to significantly increase flow field com-
plexity, affecting both on-body flow and wake characteristics (22, 23, 24, 25, 26, 27, 28).
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Moreover, given the high sensitivity of isolated aerodynamic components to varying flow
conditions (29, 30), high-performance vehicles are expected to exhibit greater yaw sensi-
tivity than passenger vehicles.

The increased aerodynamic complexity of high-performance vehicles is evident in their
wake behaviour. Research has shown that passenger vehicles typically exhibit a wake
dominated by a counter-rotating vortex pair behind the base (31, 32, 33). In these stud-
ies, fastback and notchback configurations generated inboard-rotating vortex pairs, induc-
ing minor inboard downwash and outboard outwash, while estates and SUVs produced
outboard-rotating vortex pairs with weak inboard upwash and outboard inwash effects.
Wake characteristics have also been found to depend on upper body design complexity
and underbody flow rate (34, 35). In contrast, high-performance and racing vehicles have
been demonstrated to exhibit wakes dominated by aerodynamic devices, particularly rear
wings and spoilers, alongside strong upward flow from the diffuser, resulting in a highly
turbulent wake with pronounced inboard upwash and outboard inwash (36, 37, 38, 39, 31).

In summary, existing research has demonstrated the significant impact of yaw condi-
tions on the aerodynamics of simplified automotive bodies and passenger vehicles, with
a primary focus on drag. However, studies have also highlighted that high-performance
vehicles, equipped with aerodynamic elements, exhibit a far more complex flow field
and potentially a heightened yaw sensitivity. As a result, the aerodynamic trends ob-
served for passenger vehicles and simplified geometries do not directly translate to high-
performance vehicles. The effects of yaw on high-performance vehicle aerodynamics
remain largely unexplored, particularly in terms of detailed flow field characteristics and
interactions with aerodynamic devices.

This study addresses this gap by investigating yaw-induced aerodynamic effects on a
high-performance vehicle in standard, spoiler-equipped, and rear wing-equipped config-
urations. Wind tunnel measurements of aerodynamic forces, surface pressures, and wake
total pressures are conducted in the 8x6 Wind Tunnel at Cranfield University, provid-
ing valuable experimental insights into alterations in their aerodynamic performance and
flow field characteristics. Additionally, complementary Computational Fluid Dynamics
(CFD) simulations are performed to support the interpretation of experimental findings
and enable a more comprehensive discussion. The combined experimental and numerical
findings enhance the understanding of yaw-induced effects on high-performance vehicle
aerodynamics, laying the foundation for analyses in real-world driving scenarios.

4.2 Methodology

4.2.1 Vehicle Geometry

The DrivAer Fastback model (40) is a widely adopted generic vehicle model for aerody-
namic research on automotive applications. In this study, a high-performance variant of
this model called the DrivAer hp-F (41) is utilised, which serves as a reference model for
aerodynamic research on high-performance vehicles. It is a 35% scale DrivAer Fastback
model featuring a smooth underbody, side mirrors, and stationary wheels.
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Table 4.1: Main dimensions of the DrivAer hp-F model.

Parameter =~ Symbol  Value Unit

Car scale cS 35 %
Length L 1.6144 m
Width w 0.6273 m
Height H 0.4890 m
Ride height ho 0.0455 m
Area At 02647 m?

The standard setup incorporates aerodynamic devices, including a 41 mm front splitter,
forebody strakes, and a 10° underbody multichannel diffuser, as shown in Figure 4.1a.
The spoiler-equipped configuration features an additional 350 mm x 80 mm rear spoiler,
mounted at a 40° angle of attack, as depicted in Figure 4.1b. The rear wing-equipped
configuration is fitted with a NACA 6412 profile wing with a span of 420 mm and a chord
length of 110 mm, positioned at a 15° angle of attack, as illustrated in Figure 4.1c. The
key dimensions of the DrivAer hp-F are listed in Table 4.1, where the reference area
corresponds to the rear wing configuration.

Figure 4.1: Illustration of the DrivAer hp-F model configurations: (a) standard, (b) spoiler
and (c) rear wing.
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4.2.2 Wind Tunnel Experiments
4.2.2.1 Cranfield University 8x6 Wind Tunnel

The wind tunnel campaign is conducted in the closed return 8x6 Wind Tunnel at Cranfield
University, depicted in Figure 4.2. The standard test section is transformed using a 42 mm
elevated floor with a turntable and two-stage boundary layer suction system, providing a
2.44 m by 1.79 m transformed test section. The first boundary layer suction system (BL1)
consists of a scoop intake and is positioned 1.6 m upstream of the turntable. The second
boundary layer suction system (BL2) operates by suction through a porous plate, which
is located 0.85 m upstream of the turntable. The experiments were subject to a blockage
ratio of approximately 6.3% with the vehicle at 0° yaw.

4.2.2.2 Aerodynamic Forces

The aerodynamic forces acting on the three high-performance vehicle configurations are
measured over a yaw angle range of -20° to 20° in 5° increments at a wind speed of
40 m/s. Force measurements are acquired using four independent six-degree-of-freedom
JR3 load cells, each positioned underneath a wheel of the vehicle model. The sensors have
a nominal accuracy of +0.25% of their full-scale measurement range, corresponding to
an absolute measurement accuracy for each sensor of +1.11 N for drag and side force,
and £2.22 N for lift force.

Data acquisition is conducted at a sampling rate of 1 kHz over a 20 s interval for each
yaw angle. A constant fan rotor speed is maintained throughout the yaw sweep, resulting
in a wind speed variation of +0.1 m/s within each acquisition interval. Due to increased
blockage at higher yaw angles, the wind speed decreases by no more than 0.6 m/s between
the straight-line condition and the maximum yaw angles of +20°.

Figure 4.2: Experimental setup in the 8x6 Wind Tunnel at Cranfield University.
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Figure 4.3: Repeatability assessment of the aerodynamic force measurements for the Dri-
vAer hp-F with rear wing configuration across the yaw angle range, based on the maxi-
mum absolute deviation from the mean of repeated measurements.

The time-averaged force measurements are processed to compute the lift, drag, and side
force coefficients using Eq. 4.1, where F; (N) denotes the measured force and C; (-) repre-
sents the corresponding non-dimensional coefficient, with i indicating lift (L), drag (D),
or side (S) forces. The dynamic pressure measured near the test section’s inlet is denoted
by Pyyn (Pa), and the vehicle’s reference area by Ajer (m?), which is listed in Table 4.1.

F

Ci=——
1 den “Aref

4.1)

The reliability of the aerodynamic force data is evaluated through the repeatability of
three complete yaw angle sweeps using the vehicle with rear wing configuration. The
repeatability is quantified for the lift, drag, and side force coefficients by determining the
maximum absolute deviation between individual measurement points and the correspond-
ing mean force coefficients across the repeated runs for each yaw angle, as illustrated in
Figure 4.3. The average of these maximum absolute deviations across the yaw angle range
is [ACL| ~ 5.1 x 1073, |ACp| ~ 1.8 x 1073, and |ACs| =~ 6.2 x 103 for the lift, drag, and
side force coefficients, respectively.

4.2.2.3 Wake Total Pressure

Total pressure measurements in the wake of the high-performance vehicle with rear wing
configuration are conducted across a yaw angle range of -20° to 0° in 5° increments
at a freestream velocity of 40 m/s. The wake is measured across a width of 1200 mm
(1.91W) at three longitudinal planes, designated as P1, P2, and P3, positioned 400 mm
(0.25L), 700 mm (0.43L), and 1000 mm (0.62L) downstream of the vehicle, as illustrated
in Figure 4.4.
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Figure 4.4: Experimental setup for the wake total pressure measurements.

The total pressure measurements are acquired using a pressure rake consisting of 39 ver-
tically stacked single-hole probes, which are positioned by an automated traverse system.
The rake is connected to two 20-channel differential pressure transducers that share a
common atmospheric reference pressure. The 40th channel is allocated to a pressure tap
installed on the wind tunnel wall at mid-height, aligned with the corresponding wake
plane position. In this configuration, the rake probes measure total pressure within the
wake, while the dedicated wall tap records the local static pressure in the wind tunnel,
which is otherwise not directly available due to the differential measurement setup. This
allows the wake pressures, originally referenced to atmospheric pressure, to be recali-
brated relative to the local static pressure in the tunnel, ensuring consistency with the
experimental operating conditions.

The pressure rake probes are arranged with a nominal vertical spacing of 4.77 mm, cov-
ering a total measurement height of 181.26 mm. A cost-effective horizontal resolution of
25 mm is employed, as established by Soares (31), resulting in 49 discrete measurement
steps per horizontal sweep. To ensure full wake coverage, four horizontal sweeps are
vertically stacked, with a minimum of five overlapping probes between successive stacks
to maintain measurement continuity. Notably, due to minor surface irregularities in the
wind tunnel floor, the ground clearance of the first vertical stack varies between 5 mm and
15 mm across the wake planes.

Data acquisition is conducted at a sampling rate of 1 kHz over a 10 s interval at each mea-
surement position. To maintain consistency across measurements, the fan rotor speed is
adjusted after each horizontal sweep, limiting wind speed fluctuations to 0.1 m/s within
each acquisition interval and ensuring a maximum variance of +0.2 m/s across the yaw
angle range. The time-averaged total pressure data is processed to compute total pressure
coefficients using Eq. 4.2, where Cyr (-) represents the non-dimensional total pressure
coefficient and P, (Pa) is the measured total pressure, calibrated relative to the local static
pressure in the wind tunnel. Complete wake maps are constructed by interpolating the
time-averaged data in MATLAB, incorporating averaged values from overlapping probes
of vertical stacks to ensure measurement continuity.
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Figure 4.5: Repeatability assessment of the wake total pressure measurements for the
DrivAer hp-F with rear wing configuration at 0° yaw on the second vertical stack of P3,
based on the maximum absolute deviation from the mean of repeated measurements.
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Given the extensive time required to measure a complete wake plane, repeatability is
assessed through three repeated horizontal sweeps at a fixed vertical position. These
measurements are conducted on the second vertical stack of P3 at 0° yaw. This location,
situated within a highly turbulent wake region, provides a conservative assessment of
measurement repeatability. Figure 4.5 shows the maximum absolute deviation between
individual measurements and the corresponding mean total pressure coefficient across
the repeated tests. All recorded deviations remain within a tolerance band of ‘ACpT‘ ~
1.7 x 1072, with 90% of the data exhibiting deviations of less than |ACyr| ~ 7.9 x 1073

4.2.2.4 Surface Pressure

Surface pressure distributions along the slant of the three high-performance vehicle con-
figurations are measured across a yaw range of -20° to 20° in 5° increments at a constant
wind speed of 40 m/s, achieving a similar wind speed consistency as during aerodynamic
force measurements. To maximise spatial resolution, 40 pressure taps are installed on
one half of the slant, as illustrated in Figure 4.6, utilising all available channels from the
two 20-channel differential pressure transducers. By measuring at both positive and neg-
ative yaw angles, pressure data from an opposite yaw condition is mirrored to the other
side of the slant, ensuring full-surface coverage. Taps along the line of symmetry provide
reference points for accurate data transposition across the slant.

The pressure transducers are both referenced to atmospheric pressure. Data acquisition
is conducted at a sampling rate of 5 kHz over a 30 s interval for each yaw angle. The
time-averaged surface pressure data is calibrated against the local static pressure in the
wind tunnel using the averaged recording from the wall tap at the nearest P1 wake plane
in the total wake pressure experiments.
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Figure 4.6: Locations of the surface pressure taps.

The calibrated measured pressures Ps (Pa) are successively converted into non-dimen-
sional pressure coefficients C,, (-) using Eq. 4.3. The processed data is interpolated using
a spline method in MATLAB to generate pressure distributions across the entire slant,
with overlapping measurements along the vehicle’s symmetry line averaged to maintain
consistency across transposed data.
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Figure 4.7: Repeatability assessment of the surface pressure measurements for the Dri-

vAer hp-F with rear wing configuration across the yaw angle range, based on the maxi-
mum absolute deviation from the mean of repeated measurements.
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The repeatability of the surface pressure measurements is evaluated through three yaw
sweep experiments conducted on the rear wing configuration of the vehicle. Figure 4.7
presents the maximum absolute deviation between individual measurement points and
the respective mean pressure coefficient across the three repeated runs for each surface
pressure tap at every yaw angle. All recorded deviations fall within a tolerance band of
|AG,| &~ 8.0 x 1073, with no identified outliers.

4.2.3 Computational Fluid Dynamics Simulations

4.2.3.1 Domain and Boundary Conditions

The computational domain is designed to approximate the physical test conditions in
the 8x6 Wind Tunnel at Cranfield University, following correlation practices previously
demonstrated in Chapter 2 (22). To match the test section dimensions, the domain is
2438 mm wide, 1787 mm high, and has 431.05 mm long corner fillets, as illustrated in
Figure 4.8. The velocity inlet is positioned 3 car lengths (L) in front, and the pressure out-
let SL behind the vehicle to provide sufficient space for the development of inlet flow and
downstream wake characteristics (42), resulting in a total domain length of 14904 mm.

The simplified BL2 system extends across the full width of the tunnel and is modelled by
prescribing a symmetry wall condition to the upstream floor section, preventing boundary
layer growth. The wind tunnel floor downstream of the BL2 system and the remaining
wind tunnel walls are modelled as no-slip stationary walls. The simulations are performed
on the DrivAer hp-F with rear wing configuration across a yaw angle range of 0° to
20° with increments of 5°. Operating settings aimed at approximating the experimental
conditions, listed in Table 4.2, are applied for improved correlation.

2438

Figure 4.8: Illustration of the computational wind tunnel domain with dimensions in mm.
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Table 4.2: Overview of the reference operating conditions for CFD simulations.

Parameter Symbol Unit 0° Yaw -5° Yaw  -10° Yaw -15° Yaw -20° Yaw
Temperature T °C 30 30 30 30 30
Freestream velocity Us m/s 40.00 39.93 39.75 39.60 39.42
Dynamic pressure Piyn  Pa 917.30 913.80 906.01 898.32 889.94
Density p kg/m? 1.1472 1.1464 1.1468 1.1457 1.1454
Dynamic viscosity u kg/(m-s) 18.616e-6 18.616e-6 18.616e-6 18.616e-6 18.616e-6
Turbulent intensity It % 0.052 0.052 0.052 0.052 0.052
4.23.2 Mesh

The meshing strategy outlined in Chapter 2.2.3.2 (22) is employed to generate unstruc-
tured poly-hexcore meshes using ANSYS Fluent Meshing. To enhance numerical effi-
ciency, a mesh interface approach is implemented, which enables yaw angle adjustments
without requiring re-meshing. This is achieved by coupling a cylindrical volume mesh
enclosing the vehicle to the wind tunnel domain via a mesh interface, as illustrated in
Figure 4.9. Validation against a conventional single-domain meshing approach shows a
negligible variation of approximately 0.1% in lift and drag coefficients, confirming that
the mesh interface technique does not compromise simulation accuracy.

The meshing strategy applies a base element size and vehicle surface element size of ap-
proximately 7.4% and 0.45% of the vehicle’s length, respectively. Vehicle surface element
sizes are locally reduced by 80% on aerodynamic devices and small geometric features. A
practical medium near-wall treatment with a y* &~ 120-150 and about 4-6 inflation layers
is used on the vehicle and wind tunnel walls to capture their boundary layers. Addition-
ally, four refinement zones with gradually increasing element sizes are used to effectively
capture the vehicle’s near-field and wake region in more detail, as shown in Figure 4.9.
The overall mesh contains approximately 13.6 million cells.

6.25% 12.5% 25% 50% 100%

Figure 4.9: Close-up view of the volume mesh on the symmetry plane (y = 0), highlighting
the mesh interface in blue and refinement zones in red with element sizes expressed as a
percentage of the base mesh size.
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4.2.3.3 Solve

Unsteady RANS simulations are conducted using the k-@ SST turbulence model (43) in
ANSYS Fluent. This model is selected for its proven accuracy and computational effi-
ciency in prior analyses, as demonstrated in Chapters 2 and 3 (22, 23). The governing
equations include continuity, momentum, and transport equations for turbulent kinetic
energy and specific dissipation rate. The simulation methodology follows the approach
established in Section 2.2.3.3 (22), employing the coupled scheme for pressure-velocity
coupling. Gradients are computed using a least-squares cell-based method, while pres-
sure is discretised with a second-order scheme. Spatial discretisation of the governing
equations is achieved through a second-order upwind scheme and temporal discretisation
is performed using a bounded second-order implicit formulation.

Time step settings are derived from the methodologies established in the previous chap-
ters and the work by Aultman et al. (44), ensuring a good balance between temporal
resolution and computational efficiency. The simulations are performed with a fixed time
step of t = 3.125 x 10~* s and a maximum of 20 inner iterations over a total flow time of
1.2 s, corresponding to 29.8 convective time units (CTUs). The first 0.6 s (14.9 CTUs) is
allocated for reaching statistical convergence of monitored lift and drag coefficients, after
which time-averaged quantities and unsteady statistics are collected over the remaining
0.6 s (14.9 CTUs). Each yaw angle simulation is performed on eight AMD EPYC 7543
processors using 256 cores, resulting in an average computational time of approximately
50 hours.

4.3 Validation

This section evaluates the accuracy of the CFD simulations on the DrivAer hp-F with rear
wing configuration by comparing them against experimental measurement data. The pri-
mary objective of the complementary numerical results is to support the interpretation of
the experimental findings and enable a more in-depth analysis of yaw effects on the aero-
dynamics of high-performance vehicles. While some discrepancies between experimen-
tal and numerical results are anticipated due to simplifications in the computational setup,
limitations of turbulence modelling, and challenges in predicting wind tunnel conditions
in CFD simulations (45), the numerical solutions should ideally capture the dominant
flow structures and general influence of yaw on aerodynamic performance.

4.3.1 Aerodynamic Forces

The lift, drag, and side force coefficients for the entire vehicle, along with the rear wing’s
contribution, are compared between experimental and numerical results in Figure 4.10.
The experimental rear wing’s contribution is determined as the difference in forces be-
tween the rear wing and standard vehicle configurations. Figure 4.10a indicates that the
numerical simulations overpredict total downforce in the straight-line condition by ap-
proximately ACy, ~ -0.15 and capture only around 30% of the increase in lift observed
across the yaw angle range.
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One possible contributor to this discrepancy may be a reduction in airflow momentum
beneath the vehicle in the physical wind tunnel, potentially caused by imperfect suction
systems and surface irregularities along the wind tunnel floor and turntable. These subtle
floor details, which are infeasible to accurately replicate in the computational wind tunnel,
could contribute to an overestimation of underbody downforce in the simulations. This
interpretation is supported by the rear wing’s downforce contribution, which is less af-
fected by ground boundary layer flow, and shows closer agreement between experimental
and numerical results, with comparable yaw sensitivity and an average deviation of only

ACt. =~ 0.02.

Figure 4.10b demonstrates that the numerical simulations capture the overall drag trend
with reasonable accuracy. However, the overprediction in total downforce is accompanied
by a corresponding overprediction in drag, with the numerical results exhibiting approxi-
mately ACp ~ 0.04 higher drag across the yaw angle range. The rear wing’s drag contri-
bution is captured relatively well, with both experimental and numerical results indicating
that the drag coefficient remains fairly insensitive to yaw conditions, showing an average
deviation of ACp =~ 0.02.

0.4 : : : : :
—e— Exp: total CFD: total \
—e— Exp: rear wing —e— CFD: rear wing
< 0.2t
~
S)
2 0.0
[3)
=)
%)
Q
5]
& -0.2
—
-0.4 s s s s ‘ ‘ ‘
-20 -15 -10 -5 0 5 10 15 20
Yaw angle (deg)
(a)
0.6 : : : : : 1.0, : : : : :

—e— Exp: total CFD: total — —e— Exp: total CFD: total
=05 —e— Exp: rear wing —e— CFD: rear wing 3 L —e— Exp: rear wing —e— CFD: rear wing
N L S 05
Q0.4 W -
= kol
=] [3)

[} el — |
&EOS b"g 0.0% — .,
) 5]
g 0.2 8
& 8-05¢
A 0.1 <
n 1
0.0 A S S A -1.0 S
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
Yaw angle (deg) Yaw angle (deg)
(b) (©

Figure 4.10: Comparison of (a) lift, (b) drag, and (c) side force coefficients of the entire
vehicle and rear wing’s contribution obtained from wind tunnel experiments and CFD
simulations. The shaded bars indicate the accuracy of the measurement data.
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Figure 4.10c presents the side force coefficients, showing that both experimental and nu-
merical results exhibit a similar overall yaw sensitivity trend. However, the numerical
simulations predict a steeper initial increase in side force at low yaw angles, after which
the relative trend aligns more closely with the experimental data. Despite this, the CFD
simulations consistently overpredict total side force by approximately ACs ~ 0.12 across
the yaw range. In contrast, the rear wing’s contribution to side force is more accurately
captured, demonstrating an average deviation of only ACs ~ 0.03 relative to experimental
measurements.

4.3.2 Surface Pressure

Figure 4.11 shows the experimental and numerical surface pressure coefficient distribu-
tions on the slant of the DrivAer hp-F with rear wing configuration. The simulation results
exhibit stronger qualitative agreement in distribution trends than in absolute pressure mag-
nitudes. Both datasets indicate that the pressure recovery along the slant gradually shifts
towards the bottom-leeward corner as yaw angle increases, accompanied by the formation
of a low-pressure region originating from the top windward corner. However, at low yaw
angles, the simulations underpredict surface pressure, particularly near the slant’s lead-
ing and trailing edges. While these discrepancies are smaller than those observed in the
lift coefficient trends, they occur along the upper surface, where flow is unlikely to be
affected by reduced underbody flow momentum. This indicates that additional modelling
limitations may be contributing to the differences between the CFD simulations and ex-
perimental data. At larger yaw angles, agreement improves, with both the distribution
trends and absolute magnitudes of surface pressure aligning more closely.

4.3.3 Wake Total Pressure

Figure 4.12 presents the experimental and numerical total pressure coefficient distribu-
tions on the P1 plane behind the DrivAer hp-F with rear wing configuration. The sim-
ulations show reasonable agreement with the experimental data in terms of overall wake
shape, total pressure magnitude, and key wake structures. In the straight-line condition,
both the numerical and experimental results capture dominant flow features, including
the counter-rotating vortex pair generated by the rear wing in the upper wake region at
z/H > 0.75 and the diffuser-induced upwash in the central wake region, characterised by
a localised region of Cyr = 0.30.

Despite the general agreement, discrepancies are evident in certain regions. Low total
pressure layers along the wind tunnel floor, outside the main wake, appear smaller in the
simulation results than in the experiments. This suggests reduced boundary layer mo-
mentum along the wind tunnel floor, supporting the earlier interpretation that differences
in underbody flow conditions may contribute to the numerical overprediction of down-
force. At larger yaw angles, further discrepancies arise, with the simulations underpre-
dicting total pressure losses along the leeward side outside the main wake (y/W < -0.4).
These deviations may result from differences in flow separation behaviour and bound-
ary layer control between the simulations and wind tunnel experiments. Nonetheless, the
simulations capture the overall trend of progressive windward wake displacement and its
increasing tilt angle towards the leeward side across the yaw angle range.
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Figure 4.11: Comparison between experimental and numerical results of pressure coeffi-
cient distributions on the slant of the DrivAer hp-F with rear wing configuration.
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Figure 4.12: Comparison between experimental and numerical results of total pressure
coefficient distributions on the P1 wake plane of the DrivAer hp-F with rear wing config-
uration.
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4.3.4 Summary

The validation results show that the CFD simulations capture key aerodynamic trends and
flow features with reasonable accuracy. However, notable discrepancies are observed,
particularly in the magnitude and yaw sensitivity of the lift coefficients. One contributing
factor may be reduced underbody flow momentum in the physical wind tunnel, evidenced
by differences in total pressure levels along the floor, potentially influenced by floor ir-
regularities and imperfect suction systems. Further discrepancies on the slant surface at
low yaw angles, where underbody effects are minimal, indicate that additional modelling
limitations are also likely involved. Nonetheless, the simulations reproduce slant pressure
trends and dominant wake characteristics across the yaw range with acceptable fidelity.
Overall, the CFD simulations provide a reliable complementary tool to the experimental
data, enabling deeper analysis of yaw-induced aerodynamic effects.

4.4 Results and Discussion

This section presents experimental and numerical results to analyse the effects of yaw on
the aerodynamic performance and flow field characteristics of the DrivAer hp-F model
in its standard, spoiler, and rear wing configurations. Section 4.4.1 examines the aerody-
namic forces across these configurations to evaluate performance trends under yaw. To
illustrate the general effects on aerodynamic characteristics, Section 4.4.2 presents nu-
merical visualisations of the rear wing configuration’s flow field. Section 4.4.3 follows
with a detailed analysis of surface pressure distributions, based on both experimental
and numerical results. Finally, Section 4.4.4 discusses wake development and dominant
flow structures using total pressure measurements behind the rear wing configuration.
Throughout this study, positive yaw angles correspond to a counter-clockwise rotation of
the vehicle model when viewed from above.

4.4.1 Aerodynamic Forces

Experimental measurement results of lift, drag, and side force coefficients on the standard,
spoiler, and rear wing configurations of the DrivAer hp-F model are provided in this
section, covering both positive and negative yaw angles. At positive yaw angles, the right
side of the vehicle is on the windward side, while at negative yaw angles, it becomes
the leeward side. Minor asymmetries are observed in the experimental data, indicative
of physical limitations in load cells alignment, flow uniformity, and geometric symmetry
of the vehicle model. However, these effects manifest as small systematic offsets in the
force measurements and do not hinder the analysis of the vehicle’s yaw sensitivity.

4.4.1.1 Lift Coefficients

The lift coefficients presented in Figure 4.13 indicate that the standard configuration
achieves a minimum total lift coefficient of C, =~ 0.12 at 0° yaw. In this condition, the
front and rear axles exhibit lift coefficients of Ci, ~ -0.04 and C1, =~ 0.16, respectively. This
distribution suggests that aerodynamic elements such as the splitter and strakes, combined
with initial airflow acceleration beneath the vehicle, contribute to minor front axle down-
force generation.
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Conversely, the absence of a moving ground, combined with wind tunnel floor irregular-
ities, reduces airflow momentum beneath the vehicle during the experiments. This limits
underbody and diffuser downforce generation relative to levels seen in Chapter 3 (23),
contributing to the observed rear axle lift.

Lift generation by the standard configuration nearly quadruples across the yaw angle
range, increasing by ACp ~ 0.33 to a maximum of C, ~ 0.45 at £20° yaw. Down-
force on the leeward front wheel initially increases by ACt, ~ -0.02 before stabilising
beyond +5° yaw. Similarly, lift on the leeward rear wheel gradually decreases at a rate of
ACt, =~ -0.01 per yaw increment up to =15°. In contrast, the windward front wheel ex-
periences a steady lift increase of approximately ACy, ~ 0.05 per 5° yaw increment. The
windward rear wheel also exhibits increased lift, with an initial rise of ACy, =~ 0.07 at
5° yaw, followed by smaller increments of ACy, ~ 0.02 at higher yaw angles.

The spoiler configuration achieves a minimum total lift coefficient of Cp, ~ -0.05 at 0°
yaw, thereby generating downforce. In this straight-line condition, the addition of the
spoiler increases rear axle downforce by ACL, ~ -0.19 while slightly increasing front axle
lift by ACL, ~ 0.02, resulting in a net total downforce gain of ACy, ~ -0.17 compared to
the standard configuration.
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Figure 4.13: Experimental results of (a) total lift, (b) front axle lift, and (c) rear axle lift
coefficients for the standard, spoiler, and rear wing DrivAer hp-F configurations.
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Across the yaw range, the spoiler’s influence on individual wheel loads remains largely
consistent in trend with the standard configuration, except for the windward rear wheel.
The diminishing lift coefficient offset between the configurations at higher yaw angles
suggests a loss of downforce on the windward side of the spoiler. This yaw sensitivity
is further evident in the total lift coefficient trend, where the spoiler configuration ex-
hibits a ACL, ~ 0.41 increase across the yaw angle range, 23% higher than the standard
configuration, reaching a maximum lift coefficient of Cy, ~ 0.36 at £20° yaw.

The rear wing configuration produces the most downforce, reaching a minimum total lift
coefficient of (1, ~ -0.14 at 0° yaw. This represents a ACy, ~ -0.26 improvement over
the standard configuration, generating nearly 50% more additional downforce than the
spoiler. The rear wing increases rear axle downforce by ACt, ~ -0.32 while causing a
ACy, =~ 0.06 rise in front axle lift at 0° yaw. Unlike the other configurations, the pro-
nounced rearward shift in downforce distribution leads to minor net lift at the front axle.

The lift coefficient of the windward rear wheel exhibits a decreasing relative offset be-
tween the rear wing and standard configurations at higher yaw angles, indicating a pro-
gressive loss of rear wing effectiveness. This yaw sensitivity is further reflected in the
total lift coefficients, where the rear wing configuration experiences a lift increase of
ACt, =~ 0.43 between 0° and +£20° yaw, approximately 29% greater than the standard con-
figuration and 5% higher than the spoiler configuration, reaching a maximum of Cy, ~ 0.29
at £20° yaw. As will be discussed in Section 4.4.3.3, this increased yaw sensitivity is in-
fluenced by flow obstruction from the windward endplate.

4.4.1.2 Drag Coefficients

Figure 4.14a shows that yaw conditions induce a strongly non-linear effect on drag co-
efficients, with diminishing increments at larger yaw angles. The standard configuration
attains a minimum drag coefficient of Cp ~ 0.31 at 0° yaw, which increases maximally
by ACp =~ 0.09 to Cp ~ 0.40 (+27%) at £20° yaw.

The spoiler configuration has a minimum drag coefficient of Cp ~ 0.35 at 0° yaw, which
increases by a maximum of ACp ~ 0.06 to Cp ~ 0.41 (+17%) at £20° yaw. The initial
drag increase over the standard configuration decreases from ACp ~ 0.04 (+12%) at 0° to
ACp ~ 0.01 (+3%) at +20° yaw, experiencing an approximate 31% lower drag penalty
across the yaw range. This trend indicates that the spoiler’s additional drag contribution
diminishes as the yaw angle increases, consistent with the yaw sensitivity observed in lift
coefficients, where reduced downforce at high yaw angles leads to less associated induced
drag.

The rear wing configuration reaches a minimum drag coefficient of Cp ~ 0.36 at 0° yaw,
approximately 15% higher than the standard configuration and 3% higher than the spoiler
configuration. Its drag increases by a maximum of ACp ~ 0.07 to Cp ~ 0.43 (+20%) at
+20° yaw. The absolute drag penalty across the yaw range is about 17% lower than for the
standard configuration, indicating that the additional drag from the rear wing diminishes
at higher yaw angles. However, its absolute drag increase is roughly 19% higher than that
of the spoiler, suggesting spoiler-induced drag reduces more rapidly with yaw.
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Figure 4.14: Experimental results of (a) drag and (b) side force coefficients for the stan-
dard, spoiler, and rear wing DrivAer hp-F configurations.

4.4.1.3 Side Force Coefficients

The side force coefficients for each configuration, shown in Figure 4.14b, increase nearly
linearly with yaw angle. As will be discussed in Section 4.4.3.1, this trend corresponds to
the progressive formation of a high-pressure region on the vehicle’s windward side. The
standard configuration reaches a maximum side force coefficient of Cs ~ +0.66 at +20°
yaw. The spoiler moderately increases side force, reaching a 5% higher maximum of
Cs ~ £0.70 over the standard configuration. The rear wing configuration, with its largest
side profile, generates the highest side force. It reaches a maximum of Cs ~ £0.77,
which is approximately 16% higher than the standard configuration and 10% higher than
the spoiler configuration.

4.4.2 Flow Field

Numerical representations of the wake structures on the DrivAer hp-F model with rear
wing configuration are presented in Figure 4.15a. These results reveal that at 0° yaw,
most severe flow separation occurs at the wheels and behind the vehicle’s base. Smaller
separated flow regions are also observed at the splitter, mirrors and rear wing. When
the vehicle is subject to yaw conditions, the flow separation underneath the splitter shifts
leeward and becomes less severe. The wake from the windward mirror diminishes across
the yaw angle range, while the wake from the leeward mirror increases in size.

The wheel wakes generally expand and develop with the freestream direction under yaw
conditions. As a result, the windward wheel wakes propagate inboard, interfering with the
underbody and diffuser flow, while the leeward wheel wakes move outboard, promoting
additional flow separation along the vehicle’s leeward side. Yaw conditions also amplify
flow separation on the rear wing’s lower surface and support structure, while vortical flow
generated at the rear wing strengthens and grows in size across the yaw range. Addition-
ally, a strong inboard-rotating vortex develops behind the windward side of the vehicle,
becoming a dominant wake structure at larger yaw angles.
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Figure 4.15b presents numerical representations of the turbulent structures on the rear
wing configuration of the DrivAer hp-F. At 0° yaw, small streamwise vortices form along
the A-pillars and strakes, while more distinct vortex structures develop around the rear
wing due to the pressure difference with the freestream airflow outboard of the endplates.
This pressure difference generates outboard-rotating vortices on the wing’s upper surface
and inboard-rotating vortices on its lower surface. The greater pressure differential be-
neath the rear wing produces noticeably larger inboard-rotating vortices.
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Figure 4.15: Numerical representations of the flow field of the DrivAer hp-F with rear
wing configuration through iso-surfaces of (a) zero total pressure and (b) g-criterion
(QL? /U2 = 130), coloured by normalised velocity magnitude.
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Under yaw conditions, the windward A-pillar vortex diminishes in size, while the leeward
A-pillar vortex expands significantly and shifts outboard. Section 4.4.3.3 will discuss
that yaw conditions induce an increasing pressure build-up on the outboard side of the
windward endplate and the inboard side of the leeward endplate. As a result, Figure 4.15b
illustrates that the formation of an outboard-rotating vortex on the windward side of the
rear wing’s upper surface is suppressed, and at larger yaw angles, even an inboard-rotating
vortex is formed. Additionally, the pressure build-up outboard of the windward endplate
promotes the formation of an inboard-rotating vortex on the windward side of the rear
wing’s lower surface. Conversely, on the leeward side, the formation of an outboard-
rotating vortex on the rear wing’s upper surface is enhanced, while the inboard-rotating
vortex on the lower surface is suppressed.

4.4.3 Pressure Distribution

4.4.3.1 Vehicle Body

Numerical results of time-averaged surface pressure coefficients on the DrivAer hp-F
model with rear wing configuration are presented in Figure 4.16. The vehicle exhibits
generally a symmetric pressure distribution at 0° yaw. The front view reveals that the
airflow’s frontal impact creates a stagnation zone at the nose, followed by a pressure
reduction as airflow accelerates around the curvature of the nose. The top view shows
a gradual pressure recovery along the bonnet towards the high-pressure concentration at
the windscreen. Airflow accelerates again around the curvature of the A-pillars and roof’s
leading edge, resulting in low-pressure regions. A slight pressure increase along the roof
is followed by a steeper pressure recovery region on the slant, which develops towards the
rear wing support.

A single side view is presented at 0° yaw due to the symmetry of the time-averaged flow
field. The side view reveals distinct low-pressure regions around the curvatures of the
front wheel arch, A-pillar, roofline, and behind the rear wheel arch, while a relatively
uniform moderately low pressure is observed along the door panels and windows. The
bottom view highlights a localised low-pressure concentration at the centre of the splitter,
resulting from flow separation at its sharp leading edge.

A larger low-pressure region forms between the front wheels due to the initial accelera-
tion of airflow beneath the vehicle, followed by a pressure recovery along the floor. The
diffuser exhibits a low-pressure region at the inlet, with a gradual pressure increase along
the diffuser ramp. The rear view indicates a moderately low pressure across the vehicle’s
base, with more pronounced low-pressure concentrations at the upper and lower corners,
attributed to the flow recirculation zones just behind the base.

The pronounced impact of yaw conditions on the pressure distribution is evident from
the substantial shift in pressure coefficients across the yaw angle range. The front views
illustrate that the stagnation zone displaces windward with the yaw flow impact angle.
This shift is accompanied by larger low-pressure regions on the leeward side of the nose
and bonnet due to enhanced airflow acceleration along their curvatures. Consequently, the
localised drag build-up at the nose decreases by approximately 26% at 20° yaw compared
to the straight-line condition.
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The top views reveal that the high-pressure concentration on the windscreen shifts to-
wards the windward side under yaw conditions. Additionally, increased airflow acceler-
ation over the roof amplifies the extent of the low-pressure regions along the roof and
windward roofline. As a result, local lift generation on the roof increases by approxi-
mately 19% at 20° yaw compared to 0° yaw. The airflow velocity along the windward
C-pillar also increases with yaw angle, generating an expanding low-pressure region that
extends leeward onto the slant. The resulting shifts in pressure distribution along the slant
and rear wing will be examined in greater detail in Sections 4.4.3.2 and 4.4.3.3.

The bottom views illustrate the formation of an increasing high-pressure region beneath
the splitter as the airflow impact angle changes with yaw. Flow separation at the splitter’s
leading edge, along with the associated low-pressure concentration, diminishes in size
and shifts towards the leeward side. Additionally, the effective inlet area to the vehicle’s
underbody is reduced at larger yaw angles, leading to a weakening of the low-pressure re-
gion between the front wheels. This reduction results from the increasing flow obstruction
by the windward front wheel, as evidenced by its expanding low-pressure wake.

Despite the decreased effective underbody inlet area at the front, additional airflow enters
from the windward side at larger yaw angles, as indicated by the growing low-pressure
region along the windward edge of the underbody. Consequently, the depression in pres-
sure at the diffuser inlet shifts towards the windward side. Furthermore, the interaction
between the yawed airflow and the diffuser separators induces vortex structures along the
leeward side of the diffuser separators, indicated by distinct low-pressure concentrations.

The side views illustrate that the expanding low-pressure regions along the leeward side
of the nose and bonnet extend towards the leeward front wheel, while the moderately
low pressures along the leeward door panels remain fairly similar across the yaw angle
range. In contrast, yaw conditions generate an increasing high-pressure region behind the
windward front wheel and along the windward door panels.

As previously shown in Figure 4.15b, yaw promotes the formation of the leeward A-pillar
vortex while suppressing the windward A-pillar vortex, a trend reflected in the respective
low-pressure concentrations in these regions. The pressure distributions along the leeward
roofline and C-pillar appear to be influenced by the trajectory of the strengthened leeward
A-pillar vortex, exhibiting only a slight pressure rise at larger yaw angles. In contrast, the
windward roofline and C-pillar experience a significant reduction in pressure across the
yaw range due to enhanced airflow acceleration around these curvatures.

The windward rear quarter panel also develops an expanding low-pressure region, where-
as the leeward rear quarter panel shows a gradual pressure increase just behind the rear
wheel. However, the downstream edge of the leeward rear quarter panel exhibits an inten-
sifying low-pressure concentration, attributed to airflow that rolls-up into a recirculation
zone near the leeward side of the vehicle’s base in yaw conditions.

The rear views illustrate significant changes in the pressure distribution across the base
surface in yaw conditions. Moderately low pressures are concentrated on the windward
side, attributed to the formation of a dominant streamwise vortex in this region, as previ-
ously identified in Figure 4.15a. This vehicle body vortex is formed by inboard-rotating
high-velocity airflow originating from the windward C-pillar and rear quarter panel.
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Figure 4.16: Numerical results of pressure coefficient distributions on the DrivAer hp-F
with rear wing configuration.
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In contrast, lower-velocity airflow along the leeward side of the slant and rear quarter
panel moves around the periphery of the base and rolls up into recirculating wake vortices.
These recirculation wake vortices extend in the spanwise direction as they are drawn to-
wards the dominant vehicle body vortex, contributing to the formation of the pronounced
low-pressure regions observed on the leeward side of the vehicle’s base.

4.4.3.2 Slant

Experimental results of time-averaged surface pressure coefficients on the slant of the
standard, spoiler, and rear wing configurations of the DrivAer hp-F model are presented
in Figure 4.17. At 0° yaw, the standard configuration exhibits a pressure recovery from
an average C, ~ -0.43 near the roof’s trailing edge to a maximum of C, =~ -0.02 at the
centre of the slant. A more gradual recovery is observed along the sides due to relatively
high-velocity airflow along the C-pillars.

In yaw conditions, airflow accelerates around the windward C-pillar, forming a low-
pressure region across the slant’s top windward corner. The pressure recovery shifts in the
direction of the freestream airflow, migrating the pressure maximum towards the bottom
leeward corner. Across the yaw angle range, the average pressure on the slant decreases
by approximately a factor of two, from C, ~ -0.13 at 0° yaw to C,, ~ -0.26 at 20° yaw.

The spoiler configuration yields an average slant pressure of C, ~ 0.02 at 0° yaw, an
increase of AC, = 0.15 over the standard configuration. This rise results from the pressure
build-up at the spoiler, which propagates upstream, affecting the slant and roof surfaces.
Two local pressure maxima of C,, ~ 0.08 emerge at the slant’s downstream corners due to
interactions between the spoiler and high-velocity airflow from the C-pillars.

With increasing yaw angle, the pressure maxima shift with the altered flow direction. The
leeward maximum disappears by 10° yaw, while the windward maximum migrates toward
the bottom leeward corner at 20° yaw. A low-pressure region forms at the top windward
corner, though spoiler-induced upstream pressurisation mitigates its severity. The pres-
sure recovery aligns again with the freestream airflow direction, yielding an average slant
pressure of C, ~ -0.18 at 20° yaw, about 32% higher than for the standard configuration.

The rear wing configuration maintains a similar pressure distribution to the standard setup
at 0° yaw but at higher pressures due to upstream pressurisation from the rear wing and
its support. Unlike the spoiler, it does not induce significant pressure build-up along the
slant’s sides. The pressure recovers to a maximum of C, ~ 0.07 at the slant’s centre, with
an average pressure of Cp, ~ -0.02, an 82% increase over the standard configuration.

In yaw conditions, the pressure recovery aligns with the freestream airflow direction,
forming an elongated pressure maximum along the slant’s leeward side. As will be dis-
cussed in Section 4.4.3.3, this distribution results from the angled airflow interacting with
the rear wing’s leading edge, increasing pressure on the leeward upper surface. At 20°
yaw, the slant reaches a maximum pressure of C,, ~ -0.04 with an average of C, ~ -0.19,
which is 26% higher than the standard configuration but 7% lower than the spoiler con-
figuration.
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Figure 4.17: Experimental results of pressure coefficient distributions on the slant of the
standard, spoiler, and rear wing DrivAer hp-F configurations.
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4.4.3.3 Rear Wing

Numerical results of time-averaged pressure coefficients on the rear wing are presented
in Figure 4.18. On the upper surface at 0° yaw, a high-pressure region forms along the
leading edge, which gradually decreases towards the trailing edge. Steeper pressure gra-
dients occur near the endplates, resulting from outboard-rotating vortices induced by the
pressure differential with the freestream airflow. At higher yaw angles, windward end-
plate obstruction increases, reducing windward upper surface pressure while causing an
outboard pressure build-up on the windward endplate, as previously shown in Figure 4.16.

At larger yaw angles, this build-up induces an inboard-rotating vortex, forming a distinct
low-pressure region near the windward endplate. Conversely, the leeward side experi-
ences less obstruction and retains higher pressures throughout the yaw range. The up-
stream pressurisation effects associated with this pressure distribution contribute to the
leeward concentration of the pressure maximum on the slant, as previously observed in
Figure 4.17. Additionally, the inboard pressure build-up at the leeward endplate leads to
the more gradual pressure gradient near the leeward endplate in yaw conditions.
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Figure 4.18: Numerical results of pressure coefficient distributions on the (a) upper and
(b) lower surface of the rear wing of the DrivAer hp-F.
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The lower surface exhibits a pronounced low-pressure region near the leading edge, fol-
lowed by a sharp pressure recovery downstream at 0° yaw. Near the endplates, the pres-
sure recovers more gradually due to the inboard-rotating vortices, induced by the pressure
differential across the endplates, that direct airflow onto the lower surface. The rear wing
support obstructs airflow near the leading edge, creating a small stagnation zone.

In yaw conditions, intensified outboard pressure build-up at the windward endplate streng-
thens the inboard-rotating vortex, further reducing pressure on the lower surface near the
windward endplate. Increasing airflow velocity along the windward C-pillar and slant
enhances the low-pressure region on the windward lower surface. Meanwhile, the leeward
side is mainly affected by flow obstruction from the rear wing support. At small yaw
angles, this has minimal impact, as seen at 5° yaw, but at larger yaw angles, it substantially
influences pressure along the leeward lower surface. Additionally, the inboard pressure
build-up at the leeward endplate suppresses the inboard-rotating vortex, eliminating the
low-pressure region near the leeward endplate.

4.4.4 Wake Characteristics

This section analyses the wake characteristics of the DrivAer hp-F with rear wing con-
figuration across the yaw angle range using experimental results of time-averaged total
pressure coefficients, as presented in Figure 4.19. The wake is examined at three down-
stream planes, defined as P1, P2, and P3, which are located 0.25L, 0.43L, and 0.62L
behind the vehicle model, respectively. The horizontal displacement of the main wake
structure with increasing yaw angles results from the vehicle’s rotation within the wind
tunnel, altering its alignment relative to the measurement planes.

44.4.1 0° Yaw

The near-wake characteristics on the P1 plane at 0° yaw consist of a square-shaped and
mushroom-shaped wake region. The square-shaped wake region, approximately 1W wide
and 0.75H tall, results from flow separation behind the vehicle body. Above this, the
mushroom-shaped region, spanning roughly 0.75W in width and 0.3H in height, is formed
by vortical structures from the rear wing. Additional wake expansion, associated with the
rear wheel wakes and wind tunnel floor boundary layer, occurs around y/W = 4-0.55.

The dominant wake characteristics in straight-line conditions are governed by diffuser
upwash and vortical flow from the rear wing. Flow exiting the diffuser is represented by a
centralised circular region of Cpt =~ 0.30 at z/H =~ 0.34. The counter-rotating vortex pair
shed from the rear wing is located at y/W ~ +0.28, z/H ~ 0.83. The interaction between
these outboard rotating vortices induces lateral inwash of high-energy freestream airflow
and additional vertical upwash at the centre of the wake.

Downstream wake evolution on the P2 plane reveals a reduction in wake width of 0.08W
due to lateral inwash. Simultaneously, vertical upwash and diffusion of the rear wing
vortices increase the wake height by approximately 0.09H. The inwash and upwash wake
characteristics promote wake mixing, leading to an increase in the average total pressure
coefficient of the main wake (defined by Cpr < 0.90) from Cy1 ~ 0.45 on the P1 plane to
Cpr ~ 0.52 on the P2 plane.
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On the P3 plane, the wake width is further reduced by 0.12W, resulting in an overall con-
traction of approximately 20% relative to the P1 plane. Concurrently, the wake height
increases by another 0.04H, amounting to a total growth of nearly 13% over the P1
plane. The dissipation of pressure losses, promoted by enhanced mixing of high-energy
freestream airflow into the wake, raises the average total pressure coefficient of the main
wake by approximately 32% compared to the P1, reaching Cpr ~ 0.59 on the P3 plane.

4442 5° Yaw

The influence of yaw on the wake characteristics becomes immediately evident from the
P1 plane at 5° yaw. A strong inboard-rotating vortex develops on the windward side,
as identified in Section 4.4.2. This clockwise-rotating vehicle body vortex appears as a
region of Cyr ~ 0.08 at y/W ~ 0.12, z/H ~ 0.70. Additionally, yaw-induced pressure
build-ups on the rear wing endplates, discussed in Section 4.4.3.3, enhance the forma-
tion of stronger vortical structures at the rear wing. The rear wing’s windward counter-
clockwise-rotating vortex is positioned at y/W ~ 0.36, z/H ~ 0.91, while the leeward
clockwise-rotating vortex is observed at y/W ~ -0.20, z/H ~ 0.78.

The diffuser upwash effect is eliminated due to the combined influence of angled oncom-
ing airflow and the inward propagation of the windward wheel wakes across the diffuser
ramp. As a result, the central wake region is dominated by low-energy separated flow,
showing no noticeable traces of higher-energy airflow exiting the diffuser. Additionally,
wake traces of an enlarged leeward A-pillar vortex emerge at y/W = -0.32, z/H ~ 0.53.
Further wake expansion occurs beyond around y/W < -0.40 due to increased airflow sep-
aration along the leeward side of the vehicle.

The main wake at 5° yaw on the P1 plane exhibits an average total pressure coefficient of
Cpr ~ 0.39, approximately 12% lower than at 0° yaw. At this yaw angle, wake charac-
teristics are primarily governed by the dominant vehicle body vortex and rear wing vor-
tices. The strong clockwise circulation of the vehicle body vortex induces a corresponding
clockwise displacement of the rear wing’s counter-rotating vortex pair. This motion weak-
ens the lateral inwash generated by the windward rear wing vortex. However, the leeward
rear wing vortex, reinforced by the co-rotation of the vehicle body vortex, produces a
stronger inwash effect.

These wake characteristics are also evident from the wake development on the P2 plane,
where the tilt angle of the upper wake region increases from around 8° at P1 to approx-
imately 23° at P2. Stronger inwash on the leeward side reduces the local wake width
by 0.08W, while the wake width remains unchanged on the windward side. The inwash
of high-energy freestream airflow facilitates pressure loss dissipation, raising the average
total pressure by nearly 29% to Cyt ~ 0.51.

On the P3 plane, the upper wake region’s tilt angle further increases to approximately
34°. The wake width narrows by an additional 0.07W compared to P2, resulting in a total
reduction of 18% relative to P1. The continued dissipation of pressure losses leads to an
average total pressure of Cpt ~ 0.59, representing an approximate 49% increase from the
P1 plane.
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4.4.4.3 10° Yaw

The vehicle body vortex strengthens further at 10° yaw, as indicated by the reduced total
pressure trace of Cyr ~ 0.03 at y/W =~ 0.22, z/H ~ 0.73 on the P1 plane. The increased
vortex strength is also evident from the more pronounced induced motion on the upper
wake, now tilting at around 17°. Consequently, the windward and leeward rear wing vor-
tices shift to around y/W =~ 0.43, z/H ~ 0.94 and y/W ~ -0.12, z/H ~ 0.71, respectively.

The wake trace of the leeward A-pillar vortex at y/W ~ -0.30, z/H = 0.50 becomes more
distinct compared to the 5° yaw case. Additionally, the central wake region experiences
greater pressure losses due to increased flow separation at the diffuser and vehicle body.
Further flow separation along the leeward side of the vehicle leads to greater wake expan-
sion at y/W < -0.40. Overall, the main wake on the P1 plane exhibits an average total
pressure coefficient of Cyr ~ 0.38, marking a 3% decrease from 5° yaw.

The dominant influence of the vehicle body vortex on wake characteristics is further evi-
dent on the P2 plane. The upper wake region undergoes a stronger clockwise induction,
increasing its tilt angle to approximately 35°. The interaction between the co-rotating
vehicle body vortex and the leeward rear wing vortex not only intensifies lateral inwash
on the leeward side but also introduces a local vertical downwash component.

The strengthened leeward inwash reduces wake width by approximately 0.08 W compared
to P1. However, this intensified one-sided inwash induces crossflow, leading to a minor
windward outwash effect, which expands the windward wake width by 0.03W. Simul-
taneously, the leeward downwash reduces wake expansion height at y/W < -0.40 by
approximately 0.08 H. The enhanced wake mixing increases the average total pressure
coefficient on the P2 plane to Cpr ~ 0.49, approximately 28% higher than on P1.

The strong circulation of the vehicle body vortex increases the upper wake region’s tilt to
approximately 53° on the P3 plane. The strong leeward inwash persists, reducing wake
width by an additional 0.08W on the leeward side. Meanwhile, the windward outwash
effect increases wake width on the windward side by 0.02W. The leeward downwash
further reduces wake expansion height at y/W < -0.40 by 0.06H compared to P2.

Altogether, the wake width on P3 reduces by approximately 9%, while the wake ex-
pansion height at y/W < -0.40 decreases by 36% relative to P1. These wake mixing
effects enhance pressure loss dissipation, raising the average total pressure coefficient to
Cpt ~ 0.58 on the P3 plane, representing a 52% increase from P1.

4.4.4.4 15° Yaw

The vehicle body vortex on the P1 plane at 15° yaw is identified by a low total pressure
trace of Cpr ~ -0.09 at y/W ~ 0.32, z/H ~ 0.72. The further reduction in total pressure
magnitude relative to the 10° yaw case indicates a continued increase in vortex strength.
This intensification is also reflected in the displacement of the rear wing vortex pair, which
has been induced further apart due to the stronger circulation of the vehicle body vortex.
As a result, the leeward rear wing vortex is positioned at y/W ~ 0.00, z/H ~ 0.70, with
its wake trace nearly detached from the main wake region.
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The windward rear wing vortex shifts to y/W ~ 0.55, z/H ~ 0.95, resulting in an upper
wake tilt angle of approximately 30°. The wake trace from the leeward A-pillar vortex at
y/W = -0.20, z/H =~ 0.43 merges with the expanding wake region at y/W < -0.30, result-
ing from significant flow separation along the leeward side of the vehicle. The pressure
losses in the middle wake region have intensified compared to the 10° yaw case due to in-
creased flow separation at the diffuser and along the vehicle body. Overall, the main wake
on the P1 plane exhibits an average total pressure coefficient of Cyt ~ 0.37, representing
a 3% reduction compared to 10° yaw.

The wake characteristics at 10° yaw intensify at 15°. The strong circulation of the vehicle
body vortex induces a pronounced clockwise motion on the upper wake region, increasing
its tilt angle to approximately 43° on the P2 plane. This influence is particularly evident
for the leeward rear wing vortex, which was nearly detached from the main wake on P1
but is now shifted downward and inboard, merging with the main wake trace on P2.

While no significant wake width reduction occurs on the leeward side due to the large dec-
lination of the main wake, the combined circulation of the vehicle body and leeward rear
wing vortices generates a strong diagonal crossflow towards the wake’s upper windward
side. This results in a windward outwash effect, expanding the windward wake width by
approximately 0.04W relative to the P1 plane. Additionally, leeward downwash reduces
the wake expansion height at y/W < -0.30 by nearly 0.09H. These dominant wake char-
acteristics enhance wake mixing, increasing the average total pressure in the main wake
on the P2 plane to Cpt ~ 0.49, approximately 32% higher than on the P1 plane.

At the P3 plane, the tilt angle of the upper wake region further increases to approximately
60°. Due to the continued declination of the main wake structure, no significant wake
width reduction is observed on the leeward side. However, the intensified diagonal cross-
flow and resulting windward outwash increase the windward wake width by an additional
0.04W over the P2 plane, leading to a total windward wake width increase of approxi-
mately 14% compared to P1.

The leeward downwash further reduces the wake expansion height at y/W < -0.30 by an
additional 0.10H relative to P2, resulting in a total wake expansion height reduction of
approximately 60% compared to P1. The combined effects of wake inwash, outwash, and
downwash promote enhanced dissipation of pressure losses across the downstream wake
planes. Consequently, the main wake on the P3 plane exhibits an average total pressure
coefficient of Cyr =~ 0.58, reflecting an approximate 56% increase relative to the P1 plane.

4445 20° Yaw

The vehicle body vortex on the P1 plane at 20° yaw is identified by a wake trace of
Cpor =~ -0.10 at y/W ~ 0.48, z/H =~ 0.70. The increased size and lower total pressure
magnitude of this trace relative to the 15° yaw case indicate further strengthening of the
vortex. The strong circulation induced by the vehicle body vortex is also reflected in
the positioning of the rear wing vortices. The leeward rear wing vortex is positioned
at y/W ~ 0.04, z/H ~ 0.70, with its wake trace further detached from the main wake
compared to the 15° yaw case. The counter-clockwise rotating windward rear wing vortex
is positioned at y/W ~ 0.70, z/H = 0.95.
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An additional wake trace, attributed to a clockwise rotating vortex from the windward side
of the rear wing’s upper surface, is now distinctly observable at y/W =~ 0.83, z/H =~ 0.90.
This secondary windward rear wing vortex forms due to the outboard pressure build-up
at the windward endplate in yaw conditions, as discussed in Section 4.4.3.3. While this
vortex is expected to form at lower yaw angles as well, it is likely weaker and merges
quickly into the more dominant counter-clockwise rotating vortex from the rear wing’s
lower surface, preventing it from generating a clearly distinguishable wake trace at smaller
yaw angles.

The pressure losses in the middle wake region have increased only slightly, indicating
modest additional flow separation from the diffuser and vehicle body. The leeward A-
pillar vortex no longer produces a distinct wake trace at 20° yaw, as it has fully merged
into the expanding wake region at around y/W < -0.15. Compared to the 15° yaw case,
the expansion of this region has increased, with greater pressure losses due to enhanced
flow separation along the leeward side of the vehicle. Overall, the average total pressure
coefficient of the main wake on the P1 plane is Cyt = 0.35, representing a 4% reduction
relative to 15° yaw.

The P2 plane results show that the strong circulation from the vehicle body vortex remains
the dominant wake characteristic at 20° yaw. The induced motion on the upper wake
region increases its tilt angle from approximately 38° on the P1 plane to around 56° on the
P2 plane. Although portions of the wake begin to extend beyond the measurement zone
on the downstream planes, the crossflow-driven windward outwash effect is estimated to
increase the windward wake width by approximately 0.04W.

As in the 15° yaw case, no significant leeward wake width reduction is observed at the
P2 plane due to the large declination of the main wake structure. However, the leeward
downwash effect reduces the wake expansion height at y/W < -0.15 by nearly 0.09H.
These wake characteristics enhance wake dissipation, increasing the average total pres-
sure coefficient of the main wake by approximately 30% to C,t = 0.46.

At the P3 plane, the tilt angle of the upper wake region further increases to approximately
67°. The strong diagonal crossflow and resulting windward outwash increase the wind-
ward wake width by an additional estimated 0.04W over the P2 plane, leading to a total
windward wake width increase of approximately 12% compared to the P1 plane. The
leeward downwash reduces the wake expansion height at y/W < -0.15 by an additional
0.08H over the P2 plane, resulting in a total height reduction of approximately 33% rel-
ative to the P1 plane. Overall, the dissipation of pressure losses across the downstream
planes increases the average total pressure coefficient of the main wake to Cpr ~ 0.56 on
the P3 plane, representing an approximate 57% increase over the P1 plane.
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Figure 4.19: Experimental results of total pressure coefficient distributions on the P1, P2,
and P3 wake planes behind the DrivAer hp-F with rear wing configuration.
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4.5 Conclusion

This study investigated the effects of yaw conditions on the aerodynamic performance
and flow field of high-performance vehicles through wind tunnel measurements of aero-
dynamic forces, slant surface pressures, and wake total pressures using the DrivAer hp-F
model in the 8x6 Wind Tunnel at Cranfield University. Additionally, complementary CFD
simulations were employed to support the interpretation of experimental data and facili-
tate a more comprehensive analysis of yaw-induced aerodynamic phenomena.

Aerodynamic force measurements on the standard, spoiler, and rear wing configurations
of the DrivAer hp-F model demonstrated that, in straight-line conditions, the standard
configuration generated slight front axle downforce and rear axle lift. The addition of a
spoiler or rear wing significantly increased downforce, particularly at the rear axle. Across
the yaw range, lift on the standard configuration increased nearly fourfold. The spoiler
and rear wing configurations exhibited approximately 23% and 29% greater lift increases,
respectively, due to their higher yaw sensitivity.

Yaw conditions induced a non-linear drag increase, with diminishing increments at higher
yaw angles. The spoiler and rear wing configurations increased drag by 12% and 15%,
respectively, compared to the standard configuration at 0° yaw. Across the yaw range, the
standard configuration exhibited a 27% rise in drag, while the spoiler and rear wing con-
figurations experienced approximately 31% and 17% lower drag penalties, respectively.
Additionally, side force increased nearly linearly in the leeward direction, with the larger
side profiles of the spoiler and rear wing contributing to a maximum side force increase
of approximately 5% and 16% over the standard configuration at 20° yaw.

The vehicle’s flow field and surface pressure distribution were also significantly affected
by the yaw conditions. Wheel wakes propagated in the freestream direction, altering un-
derbody flow and promoting additional outboard flow separation along the leeward side
of the vehicle. Increased flow velocities around curvatures on the windward side, par-
ticularly along the roof and C-pillar, contributed substantially to lift augmentation across
the yaw range. These flow field modifications also had a direct impact on the down-
stream pressure distribution on the slant, as confirmed by experimental surface pressure
measurements.

Experimental surface pressure data indicated that the pressure recovery on the slant, along
with the local pressure maximum, shifted in alignment with the freestream direction under
yaw conditions. A low-pressure region developed at the top windward corner, while the
average pressure across the slant decreased with increasing yaw. Furthermore, upstream
pressurisation effects from the spoiler and rear wing significantly altered the pressure dis-
tribution on the slant, with these effects persisting up to the roof’s trailing edge. The
pressure distribution on the rear wing itself exhibited high sensitivity to yaw due to vari-
ations in vortical flow structures as well as flow obstruction from the endplates and rear
wing support.
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Total pressure measurements in the wake of the vehicle with rear wing configuration
demonstrated that, in straight-line conditions, wake characteristics were primarily gov-
erned by diffuser upwash and vortical structures from the rear wing, generating a strong
outboard inwash and central upwash effect. In yaw conditions, a dominant inboard-
rotating vortex formed behind the windward side, increasing in strength and size with
yaw angle. Meanwhile, on the leeward side, airflow rolled up into spanwise recirculating
wake vortices, leading to substantial pressure reductions along the vehicle’s base.

The interaction between the windward vehicle body vortex and the rear wing’s vortical
structures predominantly drove leeward inwash at small yaw angles. As yaw increased,
the intensified circulation of the vehicle body vortex tilted the entire wake structure lee-
ward, amplifying the inwash effect and generating a strong diagonal crossflow, which
induced some windward outwash. The increased circulation also contributed to a leeward
downwash over the wake expansion region. Collectively, these wake characteristics pro-
moted enhanced wake mixing, accelerating the dissipation of pressure losses across the
yaw range.

Overall, this study enhanced the understanding of yaw-induced effects on the aerody-
namic performance and flow field of high-performance vehicles. The findings establish a
strong foundation for future aerodynamic research into other real-world operating condi-
tions and provide valuable wind tunnel data to expand the currently limited experimental
database on high-performance vehicle aerodynamics.

Data Availability Statement

Data supporting this study are openly available from Cranfield Online Research Data.

* Experimental force data are available at: https://dspace.lib.cranfield.ac.uk/handle/1826/
22436. (46)

* Experimental surface pressure data are available at: https://dspace.lib.cranfield.ac.uk/
handle/1826/23606. (47)

* Experimental wake total pressure data are available at: https://dspace.lib.cranfield.ac.
uk/handle/1826/23609. (48)

* CAD files for the DrivAer hp-F configurations are available at: https://dspace.lib.
cranfield.ac.uk/handle/1826/22433. (49)
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Chapter 5

Aerodynamic Analysis of Cornering
Conditions

This chapter was originally published as:

Rijns S, Teschner TR, Blackburn K, Brighton J. Effects of cornering conditions on the
aerodynamic characteristics of a high-performance vehicle and its rear wing. Physics of
Fluids. 2024;36(4):045119. Available from: https://doi.org/10.1063/5.0204204.

Abstract

This study investigates the aerodynamic behaviour of a high-performance vehicle and
the interaction with its rear wing in straight-line and steady-state cornering conditions.
Reynolds-Averaged Navier-Stokes (RANS) based Computational Fluid Dynamics (CFD)
simulations, employing a moving reference frame and overset mesh technique, are per-
formed and validated against moving ground wind tunnel experiments. Results indicate an
approximate 20% decrease in downforce and 35% increase in drag compared to straight-
line conditions at the smallest considered corner radius of 2.9 car-lengths. Downforce
losses primarily stem from performance deficits on the underbody and rear wing, along-
side elevated upper body lift. Drag penalties mainly result from additional pressure drag
induced by a recirculation wake vortex generated behind the vehicle’s inboard side. The
vehicle’s lateral pressure distribution is also affected, introducing a centripetal force that
increases with smaller corner radii. Additionally, analyses of the rear wing reveal alter-
ations of its aerodynamic characteristics in cornering, particularly impacting vortical flow
and suction on the lower surface. Throughout the operating conditions, the rear wing’s
individual downforce contribution diminishes beyond its stall angle. At higher angles of
attack, the rear wing primarily generates downforce by pressurising the vehicle’s upper
surfaces, but its interaction with the near-wake leads to a substantially increased pres-
sure drag. Overall, these findings provide crucial insights into the intricate aerodynamic
interactions of high-performance vehicles in various cornering conditions, and form an
essential foundation for future research on static and active aerodynamic designs in the
pursuit of enhancing vehicle performance in dynamic driving scenarios.

Keywords: Aerodynamics; Cornering; CFD; RANS; Wind Tunnel; DrivAer
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Chapter 5. Aerodynamic Analysis of Cornering Conditions 5.1. Introduction

5.1 Introduction

Cornering conditions can have a substantial impact on the aerodynamic performance of
ground vehicles. This is especially true for high-performance and racing vehicles, which
are equipped with delicate aerodynamic elements that generate downforce to improve
tractive forces. Yet, most aerodynamic design evaluations are conducted in straight-line
conditions, leading to suboptimal vehicle designs in cornering conditions. The focus
on straight-line conditions in vehicle aerodynamics research is primarily due to the chal-
lenges in replicating cornering conditions in wind tunnel experiments. Experimental tech-
niques capable of recreating some aspects of cornering conditions exist, but they all have
limitations in accuracy (1, 2). In contrast, numerical simulations offer complete control
over operating conditions and are therefore preferred for cornering analyses.

Previous research on the influence of steady-state cornering on the aerodynamics of sim-
plified automotive bodies has shown significant pressure distribution variations compared
to straight-line conditions (3, 4, 5). Studies found that outboard pressure generally in-
creased, whereas the inboard pressure decreased. The resultant centripetal force and
outboard-directed yawing moment increased linearly with decreasing corner radii. Con-
versely, lift generation gradually decreased, while drag exhibited an exponential increase.
Notably, the significant rise in drag was primarily attributed to heightened pressure drag,
potentially linked to the formation of an asymmetric wake structure during cornering.

Research on the DrivAer model (6), a standard benchmark for automotive passenger vehi-
cles, has demonstrated the significant impact of cornering conditions on its aerodynamic
characteristics (7, 8, 9). In agreement with findings on simplified automotive bodies, these
studies showed increased pressure on the vehicle’s outboard side and decreased pressure
on the inboard side compared to straight-line conditions. Additionally, an increase in
centripetal force was observed during cornering, while the direction of the yawing mo-
ment was found to be influenced by the vehicle’s sideslip angle, aligning with findings on
dynamic vehicle motion (10, 11).

Studies on the DrivAer model also demonstrated an increase in drag and a slight reduction
in lift as corner radii decreased. Drag primarily accumulated toward the vehicle’s rear
end, likely influenced by the reported asymmetric near-wake structure. Notably, elevated
cornering sensitivity was observed for open-wheel race cars equipped with downforce-
generating aerodynamic elements, as the performance of individual aerodynamic devices
was also affected during cornering (12). This aligns with simulations of a Formula car
navigating a sequence of corners, where downforce fluctuations of approximately 20%
were reported (13).

Rear wings are commonly used aerodynamic elements on high-performance and racing
vehicles due to their adaptability. Research on the effects of rear wings on simplified auto-
motive vehicles in straight-line conditions has revealed not only their individual contribu-
tions to downforce and drag but also demonstrated secondary interactions with the vehicle
and its near-wake, influencing overall aerodynamic performance (14, 15, 16). Analyses
of open-wheel race cars have further shown that rear wing interactions with underbody
airflow can enhance underbody downforce (17, 18).
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Studies on aerodynamic elements have primarily focused on straight-line analyses. How-
ever, investigations on isolated inverted wings have indicated the significance of yaw and
cornering flow conditions on their aerodynamic performance (19, 20). Additionally, the
authors’ previous research has highlighted the significant impact of yaw conditions on
the aerodynamics of high-performance vehicles equipped with various aerodynamic ele-
ments (21). The findings showed that yaw not only affected individual component per-
formance but also influenced interactions between aerodynamic elements and the vehicle
body. Among the considered configurations, the rear wing was most effective but also
exhibited the highest yaw sensitivity.

Overall, while some studies have underscored the crucial role of operating conditions
on vehicle aerodynamics, most research primarily focused on straight-line conditions,
leaving the aerodynamic effects in cornering conditions largely underexplored. Although
studies on simplified automotive bodies and the DrivAer model have provided insights
into certain flow field changes during cornering, research on high-performance vehicles
with downforce-generating aecrodynamic elements remains limited. Additionally, studies
on isolated wings have suggested that yaw and cornering flow conditions significantly af-
fect their aerodynamic performance, but little attention has been given to the aerodynamic
interactions between rear wings and the vehicle body under cornering conditions.

This study addresses these gaps by analysing the aerodynamic characteristics of a high-
performance vehicle and its interaction with a rear wing at varying angles of attack in both
straight-line and cornering conditions. The investigation combines aerodynamic force
measurements from moving ground experiments in the 8x6 Wind Tunnel at Cranfield
University with numerical results from Reynolds-Averaged Navier-Stokes (RANS) based
Computational Fluid Dynamics (CFD) simulations under varying operating conditions.
The findings not only provide a foundation for future research on vehicles with static
aerodynamic elements but also support the development of innovative active solutions
with the potential to further enhance vehicle performance in dynamic operating conditions
such as cornering (22, 23, 24, 25, 26).

5.2 Methodology

5.2.1 Vehicle Geometry

Vehicle aerodynamics research is commonly conducted on generic reference vehicle mod-
els such as the DrivAer model (6). This study uses the DrivAer hp-F model (27), a
high-performance variant established on a 35% scale DrivAer Fastback configuration with
smooth underbody and rotating wheels. The vehicle model is equipped with an additional
41 mm front bumper splitter, forebody strakes, a 10° underbody multichannel diffuser,
and a NACA 6412 profile rear wing with a 0.11 m chord length and 0.42 m span. The
DrivAer hp-F is illustrated in Figure 5.1 and its main dimensions are listed in Table 5.1.
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Figure 5.1: Illustration of the DrivAer hp-F model.

5.2.2 Operating Conditions

This study analyses the vehicle’s aerodynamic behaviour in straight-line and steady-state
cornering conditions with radii of 5.75 and 2.9 car-lengths (L), corresponding respectively
to relative airflow angles of 5° and 10° at the front of the vehicle. In the cornering condi-
tions, the vehicle travels at a constant angular velocity w (rad/s) about the corner’s centre,
as illustrated in Figure 5.2. The vehicle’s position is assumed tangent to the curved path
line through its centre, although this can vary substantially with driving styles (28).

The corner radius R (m) is defined as the distance between the centre of rotation (COR)
and the centre of the vehicle. The velocity of the airflow relative to the vehicle, as well
as the relative dynamic pressure, will increase with distance from the centre of rotation.
Moreover, the angle of the relative airflow y (°) will vary along the vehicle and can be
expressed by Eq. (5.1). Here, x. and y, are the coordinates of the centre of rotation. This
relationship provides a relative airflow angle at the front of the vehicle of y ~ 5° for the
5.75L radius corner and y ~ 10° for the 2.9L radius corner. To approximate steering
angles, the front tyres match these respective relative airflow angles.

Table 5.1: Main dimensions of the DrivAer hp-F model.

Parameter =~ Symbol  Value Unit
Car scale (6N 35 %

Length L 1.6144 m
Width 4 0.6273 m
Height H 0.4890 m
Ride height ho 0.0455 m
Area At 02647 m?
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Outhoard

COR

Figure 5.2: Illustration of a steady-state cornering condition with aerodynamic force di-
rections.

¥ =tan"! (ﬂ) (5.1)
Yy—Yc

The evaluation of aerodynamic lift and side forces remains in the z- and y-directions of

the global coordinate system, respectively. However, aerodynamic drag is the resistance

created by airflow in the direction of the vehicle’s motion and therefore varies with the

relative airflow angle along the vehicle during cornering, as detailed by Keogh et al. (1).

5.2.3 Wind Tunnel Experiments

Wind tunnel experiments on the DrivAer hp-F model are conducted in the closed return
8x6 Wind Tunnel at Cranfield University, illustrated in Figure 5.3. The wind tunnel has
a 2.44 m by 1.83 m (8 ft x 6 ft) rectangular test section with corner fillets and is 5.18 m
long. The test section is equipped with a 42 mm elevated moving ground facility to
provide synchronous relative air and ground movement speed to prevent the formation of
a ground plane boundary layer.

The vehicle model is suspended by an overhead strut system (OS) above a rolling belt
(RB), which is 1.2 m wide and 2.75 m long. The wheels are independently supported by
wheel supports (WS) and match the rolling belt speed. The facility is also equipped with
a two-stage boundary layer suction system to optimise the ground plane boundary layer.
The first stage system (BL1) consists of a scoop intake and is positioned 0.73 m upstream
of the second stage system (BL2), which uses suction through a porous plate just upstream
of the rolling belt system. The experimental setup for the DrivAer hp-F model using the
moving ground facility provided a blockage ratio of approximately 9.6%.
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Aerodynamic forces and moments are measured on the vehicle with varying rear wing
angles of attack at a constant wind speed of 40 m/s, corresponding to a Reynolds number
of 4.21 x 10°. The measurements are conducted with an Aerotech® six-component inter-
nal balance, positioned 800 mm downstream of the vehicle’s nose and 120 mm above the
vehicle’s floor. The internal balance has a nominal accuracy of £0.06% of the full scale
measurement range, providing a measurement accuracy of £0.90 N for lift and +0.18 N
for drag. The system does not measure forces on the independently supported wheels.

Data acquisition is conducted at a sampling rate of 200 Hz over a 10 s time interval.
The constant fan rotor speed provides a wind speed variance of less than 0.1 m/s during
each acquisition interval. Time-averaged quantities are obtained and converted into non-
dimensional force coefficients using Eq. (5.2). The measured forces are indicated with
F; (N) and the non-dimensional force coefficients with C; (-), where i is used to indicate
lift (L) or drag (D). The freestream dynamic pressure measured near the test section inlet
is indicated by Pyy, (Pa) and the vehicle model’s reference area by Aper (m?).

F

Ci=—"—
' P, dyn “Aref

(5.2)

The data acquisition at each rear wing angle of attack is repeated three times to assess
the repeatability of the experiments. The repeatability at each angle of attack is expressed
as the maximum absolute deviation between a single measurement and the average of
the three repeated runs at that angle. All deviations remain within a tolerance band of
|ACL| =~ 1.6 x 1073 for lift and |ACp| ~ 0.9 x 1073 for drag, confirming a high level of
experimental repeatability.

Figure 5.3: Moving ground setup in the 8x6 Wind Tunnel at Cranfield University.
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5.2.4 Computational Fluid Dynamics Simulations

This study employs CFD simulations to analyse the aerodynamic behaviour of the Dri-
vAer hp-F model with varying rear wing angles of attack in straight-line and corner-
ing conditions within an open-road environment. Additional simulations replicating the
experimental setup in the 8x6 Wind Tunnel at Cranfield University are performed, as
Chapter 2 (29) demonstrated their value for validation and correlation practices. Both
simulation sets are established on the same methodology but executed on different com-
putational domains.

5.2.4.1 Domain and Boundary Conditions

The present study uses a rectangular domain with modified inlet and outlet positions in
combination with a moving reference frame to simulate the straight-line and cornering
operating conditions. Previous studies have indicated that this methodology improves
the numerical workflow efficiency compared to using a curved computational domain,
since it allows the investigation of various cornering conditions using only one domain
(1, 4, 10, 11). This open-road computational domain, depicted in Figure 5.4, adheres to
best practice guidelines for automotive aerodynamics simulations (30), with dimensions
extending from 3L in front to SL behind the vehicle. The side and top walls are positioned
1.5L away from the vehicle.

Cornering conditions are simulated with a rotational frame motion about an external point,
which acts as the centre of rotation. Straight-line conditions are modelled with a constant
translational frame motion to ensure consistency across all operating conditions. The side
inlets and outlets are not required for straight-line conditions, which are therefore mod-
elled as symmetry walls to prevent boundary layer growth. Additionally, the ground plane
is prescribed to remain stationary relative to the moving reference frame in all operating
conditions. Wheel rotation is modelled using moving wall boundary conditions, applying
relative angular velocities to achieve the desired tangential velocity at each wheel.

An overview of the setup for each operating condition is provided in Table 5.2. All con-
ditions are simulated at a (tangential) velocity of 40 m/s, corresponding to a Reynolds
number of 4.29 x 10%. To replicate realistic road conditions, turbulence settings are based
on on-road turbulence measurements for ground vehicles (31).

As previously stated, additional simulations are conducted on a numerical representation
of the 8x6 Wind Tunnel at Cranfield University, as shown in Figure 5.5, to support valida-
tion and correlation. The computational domain extends 3L upstream and 5L downstream
of the vehicle, resulting in a total length of 14904 mm. The cross-sectional dimensions
match those of the physical wind tunnel, measuring 2438 mm in width and 1787 mm in
height, with 431.05 mm long corner fillets.

The airflow conditions from the wind tunnel experiments are approximated using a ve-
locity-inlet boundary condition, with a constant velocity of 40 m/s, a turbulent intensity of
0.05%, and a turbulent viscosity ratio of 10. Reference air properties are determined based
on the averaged temperature and dynamic pressure recorded across all measurements,
yielding a density of 1.178 kg/m?, a dynamic viscosity of 1.808 x 107> kg/(m-s), and a
temperature of 20°C.
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B inlet
B outlet

Figure 5.4: Illustration of the open-road computational domain with cornering boundary
conditions.

To accurately represent the experimental setup, geometric features such as the overhead
support system and wheel supports are incorporated, ensuring an approximate blockage
ratio of 9.6%. The rolling belt is modelled using a translational moving wall condition of
v =40 m/s on the wall section depicted in black. Rotating wheels are modelled with a
rotational moving wall condition of @ = 363.636 rad/s to maintain consistency with the
tangential velocity of the rolling belt. Lastly, the floor upstream of the two-stage boundary
layer suction system, depicted in grey, is assigned a symmetry boundary condition to
approximate the effects of boundary layer control.

1787

2438

Figure 5.5: Illustration of the computational wind tunnel domain with dimensions in mm.
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Table 5.2: Overview of the CFD simulation settings for each operating condition in the
open-road domain.

. . 5.75L 29L
Feature Symbol Straight-line Radius corner Radius corner
Impact flow angle v 0° 5° 10°
Moving reference frame
Frame motion translational rotational rotational
Motion axis X, 9,2 1,0,0 0,0,1 0,0,1
Velocity v/iw 40 m/s 4.309 rad/s 8.544 rad/s
Inlets & Outlets
Velocity-inlet v 0 m/s 0 m/s 0 m/s
Pressure-outlet P 0 Pa 0 Pa 0 Pa
Turbulent intensity It 4% 4% 4%
Turbulent length scale It 2.5m 25m 25m
Wheels rotation
Rotation axis front X, 9,2 0,-1,0 sin(y), -1, 0 sin(y), -1, 0
Rotation axis rear X, V.2 0,-1,0 0,-1,0 0,-1,0
Velocity inboard w 363.64 rad/s 353.73 rad/s 345.05 rad/s
Velocity outboard w 363.64 rad/s 374.55 rad/s 386.16 rad/s
Reference air properties
Density p 1.204 kg/m? 1.204 kg/m? 1.204 kg/m?
Dynamic viscosity u 1.813e-5 kg/(m-s) 1.813e-5 kg/(m-s) 1.813e-5 kg/(m-s)
Temperature T 20°C 20°C 20°C
5.2.4.2 Mesh

The computational domain is constructed with five unstructured poly-hexcore meshes
using an overset mesh technique in ANSYS Fluent Meshing. This technique interpolates
cell data in overlapping mesh regions, enabling targeted mesh transformation without
the need to re-mesh the entire domain. This technique has demonstrated effectiveness in
automotive applications (32) and is therefore deployed to improve the numerical workflow
efficiency in this study, which involves the simulation of 48 vehicle configurations.

The overset mesh strategy employs four component mesh zones, illustrated in Figure 5.6,
overlaid on a background mesh which covers the entire domain including refinement
zones. The grey overset interface contains the vehicle model and rear wheels. The blue
overset interfaces include the front wheels and enable steering input adjustments based
on corner radius. The green overset interface confines the rear wing, facilitating targeted
adjustments of its angle of attack.

The mesh settings are based on established guidelines from Chapter 2 (29), where grid
convergence levels and near-wall modelling approaches for practical RANS simulations
on high-performance vehicles were evaluated against experimental data and high-fidelity
Delayed Detached Eddy Simulations (DDES) on a wall-resolved mesh with a y* < 1.
Based on the Grid Convergence Index (GCI) results of GCI3, =0.47% and GCl,; = 0.04%
for lift coefficients, obtained from coarse (3), medium (2) and fine (1) grids, the study
recommended the medium-resolution mesh strategy.
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Figure 5.6: Illustration of the overset component mesh interfaces.

Accordingly, this study uses base element and vehicle surface element sizes of approx-
imately 7.4% and 0.45% of the vehicle’s length, respectively. Vehicle surface element
sizes are locally reduced by over 80% for refinement on aerodynamic elements and small
geometric features. The vehicle model is prepared with a medium near-wall treatment,
targeting a y*© &~ 120-150 with around 4-6 inflation layers. Additionally, refinement zones
with gradually increasing element sizes are implemented for increased resolution in the
vehicle’s near-field and wake region for each operating condition, as shown in Figure 5.7.

Overall, this mesh strategy yields a total cell count of approximately 15.1 million cells
for the open-road computational domain, with zero orphan cells and 99% of the cells
with an orthogonal quality above 0.66. The same strategy is applied to the wind tunnel
computational domain, resulting in a total cell count of around 19.2 million cells with
zero orphan cells and 99% of the cells with an orthogonal quality above 0.61.

Element Size (mm)

60 90

Figure 5.7: Contour plot of element sizes in proximity of the vehicle in the open-road
domain, using a volume slice at y = 0 (symmetry).

116



Chapter 5. Aerodynamic Analysis of Cornering Conditions 5.3. Validation

5.2.4.3 Solve

Steady-state RANS simulations using the k-@ SST turbulence model (33) in ANSYS
Fluent are conducted in this study. The k-@ SST model is selected for its proven cost-
effectiveness for aerodynamic simulations on the DrivAer hp-F model in Chapter 2 (29),
which assessed the predictive capabilities of various RANS models against high-fidelity
DDES simulations and experimental data.

Along with the continuity and momentum equations, the transport equations for the turbu-
lent kinetic energy and specific dissipation rate are solved. The setup follows the method-
ology outlined in Section 2.2.3.3, with pressure-velocity coupling handled using the cou-
pled scheme, gradients computed via the least-squares cell-based method, and pressure
discretised using a second-order scheme. The momentum and transport equations are
solved using a second-order upwind scheme.

Initial trade-off efforts between simulation duration and statistical convergence of the ve-
hicle’s lift and drag coefficients determined a total duration of 750 iterations. Statistical
convergence, defined as the point at which the moving mean of the monitored force co-
efficients stabilised, was typically reached within 400 iterations. The presented force
coefficients are therefore averaged over the last 250 iterations. The simulations were per-
formed on two AMD EPYC 7543 processors using a total of 64 cores. On average, the
simulations required approximately 5 hours and 30 minutes of computation time on the
open-road domain, and around 4 hours on the wind tunnel domain.

5.2.4.4 Post-Processing

Throughout the analyses in this study, numerical results of aerodynamic force coefficients,
static pressure coefficients and total pressure coefficients are used. The force coefficients
are expressed by Eq. (5.2), and use a dynamic pressure based on the reference air density
p (kg/rn3) and velocity v (m/s), as described in Eq. (5.3).

p V2 (5.3)

| =

den =

Static pressure coefficients C, (Pa) and total pressure coefficients Cyr (Pa) are expressed

by Eq. (5.4), where P (Pa) represents the static pressure, P; (Pa) the total pressure, and

Pop (Pa) the operating pressure of 101325 Pa.
PS - Pop

C,=——— and C,7 =
p den pT

P —Fop

(5.4)
den

5.3 Validation

This section validates the numerical methodology against experimental data and analyses
differences between wind tunnel and open-road conditions for correlation. Validation is
based on agreement between force data on the vehicle body from the experiments (Exp)
and simulations on the computational wind tunnel domain (WT), presented in Figure 5.8,
whereas detailed analyses of the results will be provided in Section 5.4.
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Figure 5.8: Comparison of (a) lift and (b) drag coefficients from experiments (Exp), wind
tunnel simulations (WT), and open-road simulations (Open).

The simulations overpredict downforce by ACy, ~ -0.028 (+10%) in the 0°-12.5° angle
of attack range, with an average relative deviation of |ACy| ~ 0.004 (2%). Beyond the
rear wing’s stall angle of approximately 12.5°, most downforce from the rear wing is
generated by its interaction with the vehicle body. While some discrepancies are present
in the transition just beyond the stall angle, the simulations provide a steady downforce
underprediction of ACy, ~ 0.009 (-2%) along the 17.5°-27.5° range, with an average
relative deviation of |ACL| ~ 0.005 (1%). Furthermore, the simulations underpredict drag
on average by ACp ~ -0.025 (-8%), with an average relative deviation of |ACp| =~ 0.002
(<1%) across the angle of attack range.

Aerodynamic forces on the wheels were excluded in the wind tunnel experiments, but the
simulation results from the computational wind tunnel domain indicate that their inclusion
reduces total downforce by ACy, ~ 0.019 (-6%) and increases total drag by ACp ~ 0.06
(+20%). The inclusion of wheel forces manifests as nearly invariant offsets, with average
relative deviations of < 1% for both forces across the angle of attack range, suggesting
they do not influence experimental force trend analyses in this study.

The simulated force data from the open-road and wind tunnel domains show expected
absolute force offsets attributable to wind tunnel conditions such as blockage and interfer-
ence effects. However, there are also noticeable relative gradient variations, particularly
across the 17.5°-27.5° angle of attack range. Figure 5.9 illustrates that these force offsets
are primarily influenced by reductions in upper surface pressure associated with locally
increased airflow velocities in the wind tunnel domain, consistent with prior research (29).
Moreover, the rate at which the rear wing’s pressurisation affects the vehicle’s upper sur-
faces is shown to be influenced, contributing to the variations in force trend gradients.

Overall, strong agreement between numerical and experimental force trends provides con-
fidence in the accuracy of the numerical methodology. The correlation results provide
insights into the effects of wheel forces and experimental conditions on the vehicle’s
aerodynamic characteristics, supporting interpretation of the experimental data.
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Figure 5.9: Comparison of pressure coefficient distribution on the vehicle between open-
road and wind tunnel simulations at varying rear wing angles of attack. The overhead
balance system in the wind tunnel domain is omitted for clarity.

5.4 Results and Discussion

This section analyses the aerodynamic behaviour of the vehicle with various rear wing
angle of attack settings in the straight-line, 5.75L radius corner, and 2.9L radius corner
conditions. Initially, the overarching influence of these operating conditions on down-
force and drag performance is discussed. Subsequently, detailed analyses of surface pres-
sure and wake characteristics are provided to further clarify the observed force trends.
Finally, aerodynamic characteristics and interactions involving the rear wing are investi-
gated. Throughout the presentation of results, left-handed corners are considered, with the
outboard side referring to the vehicle’s right side. Figure descriptions provide additional
clarification where necessary, ensuring the correct interpretation of presented views.

5.4.1 Aerodynamic Forces

The downforce performance of the entire vehicle and the rear wing individually are pre-
sented in Figure 5.10. In straight-line conditions, the vehicle’s downforce generally in-
creases at a rate of ACp, =~ —0.014 per 2.5° angle of attack increment within the initial
0°-12.5° downforce enhancement region. Following a minor force plateau between 12.5°
and 17.5°, the downforce gain intensifies by approximately 47%, reaching ACy, ~ —0.020
per 2.5° increment in the subsequent 17.5°-27.5° downforce enhancement region. Down-
force generated by the rear wing significantly contributes to the vehicle’s initial total
downforce enhancement region, but rapidly decreases after its stall angle of approxi-
mately 12.5°. However, the vehicle’s total downforce continues to increase, suggesting
the rear wing has additional effects on the vehicle’s aerodynamic performance, which will
be explored later.
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Figure 5.10: Lift coefficients for (a) the entire vehicle and (b) the rear wing as a function
of angle of attack in straight-line and cornering conditions.

In the 5.75L radius corner condition, the vehicle experiences a drop of about AC, ~ 0.022
(-7%) in downforce performance at low angles of attack compared to straight-line con-
ditions. However, at higher angles of attack, downforce losses diminish and the vehicle
generates on average ACy, =~ —0.012 (+3%) more downforce than in straight-line condi-
tions. The rear wing exhibits a noticeable corner sensitivity, with a ACy, ~ 0.007 (-4%)
drop in downforce performance before its stall angle. The corner sensitivity diminishes
beyond the stall angle, where downforce performance is primarily influenced by the pres-
sure build-up on the rear wing’s upper surface.

In the 2.9L radius corner condition, the vehicle’s total downforce within the 0°-12.5°
range decreases by approximately AC, ~ 0.065 (-19%) compared to the straight-line
condition and by ACy, ~ 0.050 (-14%) compared to the 5.75L radius corner. Along the
17.5°-27.5° range, the downforce performance depicts a reduced sensitivity to angle of
attack increments. The rear wing’s individual downforce performance decreases by about
ACL = 0.016 (-9%) compared to the straight-line condition and by ACy, ~ 0.009 (-5%)
compared to the 5.75L radius corner condition. However, its stall angle is delayed by ap-
proximately 5°, which consequently also defers the downforce drop-off at higher angles.

Regarding the vehicle’s drag performance, presented in Figure 5.11, total drag in straight-
line conditions increases by ACp ~ 0.006 per 2.5° angle of attack increment within the
0°-12.5° range. This drag penalty grows by over 90% to ACp ~ 0.012 at higher angles
of attack. The rear wing’s drag production increases at an increasing rate throughout the
angle of attack range. Yet, its contribution to the vehicle’s total drag penalty only reaches
about 70%. This indicates that the rear wing has additional interactions with the vehicle’s
flow field that produce drag, which will be investigated later.

In the 5.75L radius corner condition, the vehicle generates on average ACp ~ 0.057
(+19%) more drag compared to straight-line conditions. The initial ACp ~ 0.012 drag
penalty per 2.5° angle of attack increment within the 0°~10° range reduces by about 32%
to ACp ~ 0.008 at higher angles of attack after a small force plateau. The rear wing’s drag
production has steadily increased by approximately ACp ~ 0.036 throughout the angle of
attack range relative to straight-line conditions.
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Figure 5.11: Drag coefficients for (a) the entire vehicle and (b) the rear wing as a function
of angle of attack in straight-line and cornering conditions.

In the 2.9L radius corner condition, the vehicle’s total drag increases non-linearly within
the 0°—17.5° range and subsequently plateaus at higher angles of attack. On average, total
drag increases by approximately ACp ~ 0.108 (+35%) compared to straight-line condi-
tions and by ACp ~ 0.050 (+14%) compared to the 5.75L radius corner condition. The
rear wing’s drag production also increases by around ACp ~ 0.007 compared to straight-
line conditions and by ACp ~ 0.004 compared to the 5.75L radius corner condition.

5.4.2 Vehicle Aerodynamics

This section analyses the vehicle’s aerodynamic characteristics across each operating con-
dition to elaborate on the observed force coefficient trends. A comparison of surface
pressure distributions is provided in Figures 5.12 to 5.14. In straight-line conditions, a
stagnation zone forms at the nose, followed by a low-pressure region as airflow acceler-
ates along its curvature. Pressure recovers along the bonnet toward a high-pressure region
at the windscreen, with additional low-pressure areas along the A-pillars and roof’s lead-
ing edge. Pressure recovery along the roof is gradual, but becomes steeper along the slant
due to upstream pressurisation from the rear wing.

Cornering conditions cause the high-pressure regions on the vehicle’s nose and wind-
screen to concentrate progressively toward the inboard side with decreasing radii. The
pressure across the A-pillars and roof’s leading edge increases gradually on the outboard
side but decreases on the inboard side. Conversely, as the angle of the relative airflow
reverses downstream of the vehicle’s centre, pressure along the rooflines and C-pillars
decreases on the outboard side and increases on the inboard side. Additionally, the in-
creasing relative airflow angle at the rear of the vehicle shifts the pressure maximum
along the slant progressively outboard.

The pressure distribution on the vehicle’s underbody in straight-line conditions indicates
the formation of a separation bubble behind the splitter’s sharp leading edge, accompanied
by high-pressure regions on either side due to airflow interaction with the inclined splitter
surface. Ground clearance is at a minimum between the front wheels, providing a strong
venturi effect, evident from the significant low-pressure region around the front axle.
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Figure 5.12: Pressure coefficient distribution on the vehicle with a 0° rear wing angle of
attack in straight-line conditions.

The pressure recovers along the centre of the underbody, before airflow is accelerated
toward the diffuser inlet, generating a strong low-pressure region. The diffuser provides
a gradual pressure recovery, with localised low-pressure concentrations resulting from
vortex flow near the separators between the diffuser channels.

More airflow interacts with the inboard side of the splitter in cornering conditions, re-
sulting in a localised increase in pressure. The curved path also causes the splitter’s
separation bubble to shift with the relative airflow direction. In the 5.75L radius corner
condition, a modest inward propagation of the inboard front wheel is evident alongside
the low-pressure region around the front axle. This wheel wake becomes more prominent
in the 2.9L radius corner condition and the inboard front wheel itself starts to impose
interference effects, hindering front axle downforce generation.
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Figure 5.13: Pressure coefficient distribution on the vehicle with a 0° rear wing angle of
attack in a 5.75L radius corner.
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Figure 5.14: Pressure coefficient distribution on the vehicle with a 0° rear wing angle of
attack in a 2.9L radius corner.
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Downstream at the underbody, cornering conditions lead to a progressive pressure de-
crease ahead of the inboard rear wheel and a pressure increase ahead of the outboard rear
wheel. In the 5.75L radius corner, there is a noticeable pressure rise on the outboard side
of the diffuser, attributed to interference from the outboard front and rear wheel wakes
extending into the diffuser. In the 2.9L radius corner, the larger steering input and path
curvature prevent the outboard front wheel wake from reaching the diffuser, resulting in a
more prominent low-pressure region at the outboard side of the diffuser inlet.

However, the curved relative airflow still induces the outboard rear wheel wake across the
diffuser, causing downforce losses. Additionally, cornering conditions enhance vortex
formation at the diffuser’s separators, as indicated by increased low-pressure concentra-
tions in the diffuser channels. Management of the inboard rear wheel wake is also im-
proved, evident from the reduced pressure on the inboard side of the diffuser compared to
the straight-line condition.

The vehicle’s side panels in straight-line conditions exhibit low-pressure regions extend-
ing from the nose to the front wheels, with additional low-pressure regions along the A-
pillars, rooflines and C-pillars. The pressure remains relatively consistent along the doors
and windows, but reduces around the rear quarter panels. The low-pressure concentra-
tions on the downstream edges of the rear quarter panels are caused by airflow rolling
into recirculation zones behind the vehicle, also evident from the associated low-pressure
regions on either side of the vehicle’s base.

The pressure across the outboard door panels and windows gradually increases in cor-
nering conditions with reducing radii, while the pressure on the outboard roofline and
C-pillar noticeably decreases. Conversely, the pressure across the inboard door panels
and windows progressively decreases, while the pressure on the inboard C-pillar slightly
increases. The inboard rear quarter panel experiences a significant pressure reduction
compared to straight-line conditions, especially around its downstream edge. Overall,
these variations induce an inboard acting side force of Cs ~ 0.107 in the 5.75L radius
corner condition and Cs =~ 0.138 in the 2.9L radius corner condition.
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The pressure across the inboard side of the vehicle’s base reduces significantly in corner-
ing conditions, leading to increased pressure drag. This pressure reduction is associated
with the intensified formation of inboard recirculation wake vortices, also suggested by
the previously identified reduced pressure across the inboard rear quarter panel. These
low-pressure traces extend further inward with decreasing corner radii due to enhanced
wake circulation promoted at high relative airflow curvatures.

Investigation of the wake structures, presented in Figure 5.15, reveals substantial differ-
ences between straight-line and cornering conditions. In the straight-line condition, a
distinct recirculation zone forms behind the vehicle’s body, accompanied by rear wheel
wakes. In cornering conditions, the wake becomes increasingly asymmetric with de-
creasing radii. The inboard rear wheel wake slightly reduces in size and shifts outward,
lessening its impact on the diffuser as previously observed. Conversely, the outboard rear
wheel wake significantly enlarges and extends inward, leading to downforce losses on the
diffuser’s outboard side.

The recirculation wake vortex structure originating behind the inboard rear quarter panel
is evident in the upper-wake region in cornering conditions. This structure initially de-
velops predominantly in the spanwise direction near the vehicle’s base, but subsequently
merges with higher energy airflow from the vehicle’s outboard side, forming a dominant
streamwise wake vortex. The circulation from this wake structure creates an inboard in-
wash of high-energy freestream airflow, aiding in the dissipation of pressure losses.

A closer examination of the wake characteristics in cornering conditions, depicted in
Figure 5.16, indicates that the strength of the recirculation wake vortex intensifies with
decreasing corner radii. This is evident from the concentration of lower total pressure
behind the inboard side of the vehicle’s base at the z = 210 mm plane. Smaller corner
radii also position the subsequent streamwise wake vortex structure further toward the
inboard side, shown by the location of the downstream low total pressure traces. Overall,
the magnitude and downstream development of pressure losses on the z =210 mm plane
are most pronounced for smaller corner radii.

Atthe z =130 mm plane, a notable inboard inwash effect from the streamwise wake vortex
is observed. The resultant crossflow from the inboard to the outboard side of the wake
strengthens with decreasing corner radii. This inwash effect energises the wake with high-
energy freestream airflow and accordingly mitigates some of the pressure losses from the
outboard rear wheel wake at this plane.

straight-line 5.75L 2.9L

Figure 5.15: Wake structure visualisations using iso-surfaces of zero total pressure for the
vehicle with a 0° rear wing angle of attack in straight-line and cornering conditions.
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Figure 5.16: Total pressure coefficient distribution with streamlines on wake planes be-
hind the vehicle in cornering conditions. Wake plane positions are shown in the top left
corner.

5.4.3 Rear Wing Aerodynamics

This section investigates the aerodynamic characteristics of the rear wing across a wide
angle of attack range in each operating condition. The effects of operating conditions on
the vortical flow are first considered to support subsequent analyses of surface pressure
data. Pressure differentials across the endplates drive vortical flow at the rear wing’s upper
and lower surfaces, as shown in Figure 5.17. Vortices labelled Oy and Iy form on the
outboard and inboard sides of the upper surface, respectively. Similarly, vortices labelled
Oy and I}, form on the outboard and inboard sides of the lower surface, respectively.

In straight-line conditions, the pressure differential induces outward-rotating Oy and Iy
vortices, and inward-rotating Oy, and Iy, vortices. A larger pressure differential is present
at the lower surface, creating more pronounced Oy, and I, vortices compared to the Oy
and Iy vortices at the depicted 0° angle of attack.

Cornering conditions create a pressure build-up on the outside of the outboard endplate,
which increases with decreasing corner radii. The altered pressure differential induces an
inward-rotating Oy vortex and enhances the Oy, vortex. The pressure on the inside of the
inboard endplate is also increased, strengthening the Iy vortex. Additionally, the pressure
differential driving the I; vortex is reduced due to the low-pressure region emerging on
the inboard rear quarter panel in cornering conditions.
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Figure 5.17: Pressure coefficient distribution on a frontal plane (x = 1.25 m) at the rear
wing with a 0° angle of attack in straight-line and cornering conditions, with labelled
vortices. The left side represents the outboard side in cornering.

The pressure distribution on the rear wing’s upper surface, illustrated in Figure 5.18,
demonstrates a high-pressure region behind the leading edge that gradually diminishes
toward the trailing edge. In straight-line conditions, the distribution is symmetrical and
pressure increases with angle of attack. However, local pressure reductions occur near the
endplates due to airflow spillage from the Oy and Iy vortices.

In cornering conditions, a noticeable pressure reduction is initially observed near the out-
board endplate at low angles of attack compared to straight-line conditions, attributed to
the inward rotation of the Oy vortex. As the angle of attack increases, the pressure rise
across the upper surface mitigates the inward rotation of the Oy vortex and its associated
pressure reduction. Nonetheless, flow obstruction from the outboard endplate continues
to cause relatively lower pressures behind it at higher angles of attack.
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Figure 5.18: Pressure coefficient distribution on the upper surface of the rear wing at
various angles of attack in straight-line and cornering conditions. The left side represents
the outboard side in cornering.
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The rear wing’s lower surface exhibits a significant low-pressure region near the lead-
ing edge curvature which gradually recovers toward the trailing edge, as depicted in
Figure 5.19. In straight-line conditions, the low-pressure region near the leading edge
curvature is initially most substantial across the centre section at 0°, indicating a locally
increased effective angle of attack due to downwards induced airflow along the vehicle’s
body.

Suction near the leading edge, as well as the pressure recovery gradient, increases with an-
gle of attack up to the stall angle around 12.5°-15°, beyond which severe flow separation
negatively impacts downforce performance. The pressure recovery remains most gradual
near the endplates, attributed to the low pressure generated by the O and I vortices,
which is observable even beyond the stall angle.

In cornering conditions, suction near the leading edge curvature initially increases on the
inboard side but decreases on the outboard side at 0°, indicating a favourable inboard rel-
ative airflow alignment. However, suction across the outboard side noticeably increases
at higher angles of attack, while suction on the inboard side starts to decay due to inter-
ference from the rear wing support.

The increased suction is attributed to the enhanced interaction of the rear wing with faster
moving outboard relative airflow as its leading edge nears the vehicle body, along with
the increasing strength and flow inducement effects of the Oy, vortex at higher angles of
attack. Additionally, the strengthening of the Oy, vortex and suppression of the I; vortex
with reducing corner radii are evident from the dominant low-pressure traces near the
outboard endplate and absence of low-pressure traces near the inboard endplate across
the angle of attack range.
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Figure 5.19: Pressure coefficient distribution on the lower surface of the rear wing at
various angles of attack in straight-line and cornering conditions. The left side represents
the outboard side in cornering.
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5.4.4 Rear Wing Interaction

This section investigates the aerodynamic interaction between the rear wing and the ve-
hicle’s flow field in each operating condition, building upon previous discussions high-
lighting the rear wing’s significant influence on the vehicle’s overall aerodynamic perfor-
mance, even at angles of attack beyond its stall angle.

The rear wing initially creates a modest pressurisation onto the slant at 0°, which shifts
further outboard at smaller corner radii, as shown in Figure 5.20. The pressurisation mag-
nitude and subsequent pressure rise along the roof increase gradually with angle of attack
increments before the stall angle. However, suction beneath the rear wing at these an-
gles of attack casts a low-pressure region onto the vehicle’s body. This enhances airflow
velocity along both C-pillars in straight-line conditions and along the outboard C-pillar
in cornering conditions, reducing local pressure. These aerodynamic interactions collec-
tively result in a maximum average increase of ACy, ~ 0.007 (+1.5%) in lift along the slant
and roof when operating just before the stall angle compared to at 0°.

Beyond the rear wing’s stall angle, suction on the lower surface diminishes while pressure
on the upper surface keeps increasing, as previously observed. The emitted low-pressure
region from the rear wing onto the vehicle’s body therefore disappears whereas pressuri-
sation onto the slant and roof significantly increases. Altogether, the aerodynamic interac-
tions at higher angles of attack decrease lift along the slant and roof surface compared to
at 0°, with an averaged maximum of ACy, ~ —0.105 (-24%) reached at the highest angle
of attack of 27.5° in each operating condition.

Interaction between the rear wing and airflow around the vehicle’s rear-end and near-wake
is also identified. In straight-line conditions, the rear wing’s enhanced suction and vortical
flow at angles before the stall angle augment recirculation behind the vehicle. This is
indicated by reduced pressure traces on the vehicle’s base surface, increasing its local
drag by ACp ~ 0.017 (+30%) right before the stall angle compared to 0°. Beyond the rear
wing’s stall angle, strong airflow recirculation and enhanced Oy and [y vortices further
amplify recirculation behind the vehicle, causing a maximum ACp ~ 0.047 (+84%) drag
increase on the vehicle’s base surface at the maximum 27.5° angle compared to 0°.

In cornering conditions, the rear wing’s suction and Iy vortex strength progressively in-
crease with angles of attack before the stall angle, enhancing the inboard recirculation
wake vortex and its associated pressure losses. Consequently, drag on the vehicle’s base
surface increases by ACp ~ 0.027 (+35%) in the 5.75L radius corner condition and by
ACp ~0.023 (+23%) in the 2.9L radius corner condition right before their respective stall
angles compared to 0°.

Beyond the stall angle, dominant airflow separation behind the rear wing and the further
intensified Iy vortex feed the recirculation wake vortex. Consequently, drag on the vehi-
cle’s base surface increases by ACp ~ 0.037 (+48%) in the 5.75L radius corner condition
and by ACp =~ 0.026 (+25%) in the 2.9L radius corner condition at the maximum 27.5°
angle of attack compared to 0°.
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Figure 5.20: Pressure coefficient distribution on the vehicle with varying rear wing angles
of attack in straight-line and cornering conditions.
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5.5 Conclusion

This study investigated the aerodynamic behaviour of a high-performance vehicle with
varying rear wing angles of attack in straight-line and cornering conditions. The analyses
were performed on the DrivAer hp-F, a high-performance variant of the standard Dri-
vAer Fastback configuration. The CFD methodology was validated against aerodynamic
force measurement results from moving ground experiments in the 8x6 Wind Tunnel at
Cranfield University.

Cornering conditions adversely impacted both the vehicle’s overall downforce and drag
performance, as well as the rear wing’s individual performance, with smaller corner radii
increasing the detriments. For each operating condition, two downforce enhancement
regions were identified along the rear wing’s angle of attack range, transitioning around
the stall angle. Despite adverse cornering effects, the smallest corner radius marginally
extended the rear wing’s stall angle.

Downforce losses primarily stemmed from deficits on the underbody and rear wing,
alongside increased lift generation on the vehicle’s upper surfaces in cornering conditions.
Drag penalties mainly resulted from substantial pressure reductions across the vehicle’s
base surface. Additionally, cornering conditions introduced lateral pressure distribution
variations, inducing a centripetal force that increased with reducing corner radii.

The significant pressure reduction on the vehicle’s base was due to the formation of a
dominant recirculation wake vortex behind the vehicle’s inboard side, which intensified at
reducing corner radii. Additionally, strong circulation generated by the streamwise wake
structure created an inboard inwash of relatively high-energy freestream airflow into the
wake region, promoting wake dissipation.

Cornering conditions influenced the rear wing’s vortical flow, notably affecting the pres-
sure distribution near the endplates. Most significant pressure distribution variations were
found on the rear wing’s lower surface before reaching its stall angle. This included an
initial increased suction on the inboard side at low angles of attack, which transitioned to
increased suction levels on the outboard side at higher angles of attack due to intensified
vortical flow and enhanced interaction with faster-moving relative airflow.

In each operating condition, the vehicle’s initial total downforce enhancement region was
mainly due to the rear wing’s individual downforce contribution. However, beyond its
stall angle, the rear wing’s performance declined significantly. At high angles of attack,
its pressurisation effect on the vehicle’s upper surfaces became the primary mechanism
for generating downforce. Nonetheless, at such high angles, the rear wing’s interaction
with the near-wake resulted in notably higher pressure drag.

Overall, this research highlighted the significance of operating conditions on the aerody-
namic intricacies of high-performance vehicles. The findings offer crucial insights into
the complex aerodynamic interactions between a high-performance vehicle and its rear
wing under varying operating conditions. The analysis of such characteristics does not
only support the design of static rear wing configurations, but also lays the groundwork
for the development of active designs. Such advancements offer promising opportunities
to further optimise vehicle aerodynamics and push performance boundaries.
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Data Availability Statement

Experimental data supporting this study are openly available from Cranfield Online Re-
search Data at: https://dspace.lib.cranfield.ac.uk/handle/1826/22438 (34) and the CAD
files for the DrivAer hp-F with rear wing at: https://dspace.lib.cranfield.ac.uk/handle/
1826/22433 (35).
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Chapter 6

Aerodynamic and Steady-State
Performance Analysis of Active
Aerodynamics During Cornering

This chapter was originally published as:

Rijns S, Teschner TR, Blackburn K, Brighton J. Performance analyses of active aero-
dynamic load balancing designs on high-performance vehicles in cornering conditions.
Physics of Fluids. 2024;36(8):085199. Available from: https://doi.org/10.1063/5.0222780.

Abstract

This study presents a comprehensive investigation into the impact of Active Aerodynamic
Load Balancing (AALB) on the cornering performance of high-performance vehicles.
The research explores the use of 2D active aerodynamic devices, specifically split and tilt
wing concepts, capable of influencing aerodynamic balance both longitudinally and later-
ally. The performance potential of AALB is assessed through quasi-steady static coupling
of aerodynamic data with a detailed vehicle dynamics model. The findings show that in-
side bias operating states of the split and tilt rear wing concepts, which favour loads on
the inside tyres, can improve cornering velocities by up to 0.5% and 2% compared to high
symmetric operating states, respectively. Notably, through effective distribution of aero-
dynamic loads, the inside bias operating states produce less downforce and drag, thereby
reducing the propulsion power required to overcome drag by 15%-20%, depending on the
cornering condition. The tilt rear wing concept demonstrates the highest AALB capabil-
ity and most consistent response to its control strategy, attributed to its ability to generate
vertical and horizontal aerodynamic force components. It can therefore achieve over 1%
higher maximum cornering velocities compared to the split rear wing, while also offering
efficiency benefits. Overall, the research highlights the effectiveness of AALB in improv-
ing cornering performance and efficiency, offering valuable insights for the development
of active aerodynamic systems for high-performance automotive applications and paving
the way for future advancements in the field.

Keywords: Active Aerodynamics; Vehicle Dynamics; Cornering; CFD; RANS
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Chapter 6. Cornering Analysis of Active Aerodynamics 6.1. Introduction

6.1 Introduction

Aerodynamics is a critical factor in the design of high-performance and motorsport vehi-
cles, significantly impacting performance, efficiency, and handling in dynamic operating
conditions such as cornering. During cornering, an outward-directed centrifugal force acts
on the vehicle, instigating a load transfer from the inside to the outside tyres. Due to the
non-linear vertical load sensitivity of tyres, this lateral load transfer reduces the potential
combined lateral force produced by the tyres on each axle. Excessive load transfer can
even overload the tyres, thereby drastically reducing grip and compromising cornering
performance (1, 2).

The objectives of this study stem from the hypothesis that counteracting lateral load trans-
fer from the inside to the outside tyres during cornering can enhance overall tyre grip.
To achieve this, Active Aerodynamic Load Balancing (AALB) is explored. This refers to
modulating aerodynamic balance both longitudinally and laterally to favour vertical forces
on the inside tyres while inducing an aerodynamic roll moment that opposes the over-
turning moment caused by the centrifugal force. Aerodynamic systems capable of AALB
require asymmetrical actuation to influence both longitudinal and lateral aerodynamic bal-
ance, referred to as ‘2D active aerodynamic systems’. Compared to conventional methods
such as suspension adjustments, tyre design modifications, or centre of gravity reposition-
ing, which primarily redistribute or partially mitigate load transfer within inherent design
constraints, 2D active aerodynamic systems offer a more adaptable and potentially more
effective solution.

Research has demonstrated that cornering conditions have a significant impact on vehicle
aerodynamics. Studies on automotive applications revealed notable changes in surface
pressure distributions and wake characteristics, which in turn affected aerodynamic lift,
drag, and side forces (3, 4, 5, 6, 7, 8, 9). Findings on high-performance and motorsport
vehicles demonstrated heightened sensitivity to these conditions, primarily due to their
aerodynamic devices (10, 11, 12, 13). Downforce and drag penalties ranging from 20%
to 30% were reported for such vehicles in tight corners and yaw conditions compared to
straight-line conditions. These findings highlight the importance of analysing a diverse
range of representative operating conditions to assess a vehicle’s aerodynamic perfor-
mance.

To thoroughly investigate overall vehicle performance, it is essential to capture the in-
terrelation between its aerodynamics and dynamics. This interplay can be examined us-
ing coupling methods of varying complexity (14), namely quasi-steady static coupling,
unsteady static coupling, and unsteady dynamic coupling. Quasi-steady static coupling
employs steady-state Computational Fluid Dynamics (CFD) simulations, while unsteady
static coupling utilises transient CFD simulations on a vehicle with a fixed position as in-
put to a vehicle dynamics model. Unsteady dynamic coupling, the most complex method,
iterates between CFD simulations and a vehicle dynamics model to continuously update
changes in the vehicle’s position and aerodynamic loads. However, the increased com-
plexity of these methods results in a significant trade-off in computational time and re-
sources.
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Various coupling methods have been employed for automotive applications to investigate
the stability and handling of passenger vehicles and large trucks during dynamic events
such as crosswind gusts (15, 16, 17, 18, 19). Comparative studies have highlighted the
trade-off between computational efficiency and accuracy among these methods (14, 20,
19, 21). While results varied, fully coupled methods generally benefited large vehicles in
severe conditions despite higher computational costs, whereas one-way coupling methods
sufficed for smaller passenger vehicles.

Quasi-steady static coupling has predominantly been used to investigate the impact of
aerodynamic devices on vehicle performance. Most studies employed aerodynamic data
from isolated devices (22, 23, 24, 25), while others took the aerodynamics of the en-
tire vehicle into account (26, 27). Findings among these studies generally indicated that
aerodynamic devices contributed to enhancements in cornering performance and stability.
More intricate fully coupled analyses involving a vehicle equipped with various aerody-
namic add-on devices also reported improvements in cornering performance, a finding
corroborated by road tests (28). Subsequent investigations on the same vehicle demon-
strated a reduction in braking distance and an improvement in stability during straight-line
braking and brake-in-turn events using an active rear wing (29, 30).

More promising results for the impact of active aerodynamic systems on vehicle per-
formance have been demonstrated. Studies showed that active small spoiler plates un-
derneath larger spoilers enhanced downforce generation and benefited from faster actu-
ation (31, 32). Findings on 2D active aerodynamic systems demonstrated that split rear
wings were able to vary downforce across the inside and outside tyres, but primarily af-
fected the rear axle. Tilt rear wings showed the capability to generate both downforce
and side force, influencing the lateral distribution of vertical tyre loads (32, 33). Further-
more, road tests of a vehicle equipped with a tilt rear wing demonstrated an approximate
13% increase in cornering velocity compared to a configuration without aerodynamic
devices (32).

Despite these positive findings, most considered active aerodynamic devices primarily
generated rear axle downforce, leading to aerodynamically unbalanced setups. While
studies indicated that splitters contributed to front axle downforce, front wings proved
significantly more effective (34). Given the importance of distributing aerodynamic loads
across both axles, front wings are expected to provide better balance when paired with
large active rear wings compared to splitters.

In general, the reviewed studies have underscored the effectiveness of quasi-steady static
coupled simulations in analysing the complex interaction between vehicle aerodynamics
and dynamics while highlighting some potential benefits of active aerodynamic devices.
However, existing research predominantly focused on symmetric aerodynamic devices,
often relying on data from isolated elements in straight-line conditions. As a result, lit-
tle attention has been given to 2D active aerodynamic devices capable of AALB. The
ability of these systems to prioritise aerodynamic loads on the inside tyres during corner-
ing remains largely underexplored, limiting the understanding of their role in enhancing
performance.
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This study addresses this gap by investigating the performance potential of 2D active
aerodynamic systems in cornering. It evaluates the AALB capabilities of active split
and tilt rear wings, combined with an active split front wing, assessing their influence
on lateral aerodynamic balance while maintaining a stable longitudinal load distribution.
Using quasi-steady static coupling of extensive CFD-obtained aerodynamic data across
representative cornering conditions with a detailed vehicle dynamics model, the study
systematically examines the impact of these active aerodynamic systems on cornering
performance. The findings offer detailed insights into each system’s AALB capability
and impact on vehicle performance, establishing a foundation for further exploration of
2D active aerodynamic systems for high-performance vehicles.

6.2 Methodology

This study hypothesises that aerodynamic loads which prioritise downforce on the inside
tyres and oppose lateral load transfer improve overall tyre grip during cornering. This
AALB approach is explored through two high-performance vehicle concepts with 2D
active aerodynamic systems that have been identified as promising designs in literature.

The impact of these systems on cornering performance is investigated using quasi-steady
static coupling of the vehicle’s aerodynamics and dynamics. This method employs a one-
way coupling of aerodynamic data as input for a vehicle dynamics model. Conventionally,
aerodynamic data is often generated in straight-line conditions due to the absence of prior
knowledge on vehicle performance. However, Chapters 4 and 5 (12, 13) underscored the
significant influence of operating conditions on the aerodynamic performance of high-
performance vehicles, indicating that straight-line aerodynamic data may not accurately
reflect the aerodynamic performance in dynamic events such as cornering.

Therefore, a key aspect of the methodology is generating aerodynamic data across rep-
resentative operating conditions. As outlined in Figure 6.1, the study begins with a
performance assessment using wind tunnel data of an existing high-performance vehi-
cle, which serves as the baseline geometry. This initial performance assessment is used
to determine representative operating conditions for the CFD simulations on the active
high-performance vehicle concepts. Successively, the vehicle dynamics model uses the
simulated aerodynamic data to examine the cornering performance of the active high-
performance vehicle concepts. The subsequent sections of the methodology will detail
the vehicle geometry, wind tunnel experiments, CFD simulations, and vehicle dynamics
model employed throughout the study.

6.2.1 Vehicle Geometry

The DrivAer hp-F vehicle model (35), a high-performance variant of the well-established
DrivAer model (6), serves as the baseline geometry for this study. Specifically developed
for aerodynamic research on high-performance vehicles, the DrivAer hp-F model fea-
tures a smooth underbody and is equipped with additional aerodynamic elements. These
elements include a 41 mm front bumper splitter, forebody strakes, a 10° underbody mul-
tichannel diffuser, and a NACA 6412 profile rear wing, as depicted in Figure 6.2a.
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Figure 6.1: Flowchart of the research process applied in this chapter.

This study introduces two high-performance vehicle concepts based on the DrivAer hp-F,
each incorporating 2D active aerodynamic devices. The first concept features a split rear
wing, with left and right elements capable of independently adjusting their angle of attack
from 0° to 30°. The second concept utilises a rear wing that can adjust both its angle
of attack between 0° and 30°, and roll angle between -12° and +12°, referred to as the
tilt rear wing concept. To maintain aerodynamic balance, both active high-performance
vehicle concepts feature a split front wing, consisting of left and right elements that can
independently vary their angle of attack from 0° to 10°. The active high-performance ve-
hicle concepts are illustrated in Figure 6.2 and their main dimensions are listed alongside
those of the baseline DrivAer hp-F in Table 6.1.

() (b) (©)

Figure 6.2: Illustration of the DrivAer hp-F configurations, including (a) the baseline
vehicle with standard rear wing, (b) the split wing concept featuring an active split front
wing and split rear wing, and (c) the tilt wing concept featuring an active split front wing
and tilt rear wing. The split and tilt wing vehicle concepts are shown in an asymmetric
operating state to illustrate their aerodynamic functionality.
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Table 6.1: Main dimensions of the baseline, active aerodynamic concepts, and 35% scale
wind tunnel model of the DrivAer hp-F.

Parameter Symbol Unit Baseline Active 35% scale
Length L m 46126 4.6126 1.6144
Width w m 1.7923  1.7923  0.6273
Height H m 1.3971 1.3971  0.4890
Ride height ho m 0.1300 0.1300  0.0455
Area A m?> 21596  2.1596  0.2647
Rear wing chord CRW m 0.3143 0.3929  0.1100
m

Rear wing span brw 1.200 1.500 0.4200

6.2.2 Wind Tunnel Experiments

This study utilises experimental data from previously conducted wind tunnel tests on the
DrivAer hp-F model in the closed-return 8x6 Wind Tunnel at Cranfield University from
Chapter 5 (13). The aerodynamic performance data is used for the initial performance
assessment, as detailed in Section 6.2, to establish representative operating conditions for
the CFD simulations on the active high-performance vehicle concepts. The experiments
were performed on a 35% scale model of the baseline DrivAer hp-F configuration with
a rear wing. The main model dimensions are provided in Table 6.1 and the full-scale
vehicle geometry is illustrated in Figure 6.2a.

The wind tunnel features a rectangular test section measuring 2.44 m in width, 1.83 m
in height, and 5.18 m in length. The experimental setup, shown in Figure 6.3, included
a moving ground and a two-stage boundary layer suction system to optimise the ground
plane boundary layer. The vehicle model was suspended by an overhead strut system (OS)
above a rolling belt (RB), which measured 1.2 m in width and 2.75 m in length.

Figure 6.3: Moving ground setup in the 8x6 Wind Tunnel at Cranfield University.
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The wheels were independently supported by wheel supports (WS) and matched the
rolling belt speed. The boundary layer control consisted of two suction systems. The
first stage (BL1) featured a scoop intake positioned 0.73 m upstream of the second
stage (BL2), which utilised suction through a porous plate just upstream of the rolling
belt. The complete experimental setup resulted in a blockage ratio of approximately 9.6%.

The dataset includes aerodynamic force and moment measurements for varying rear wing
angles of attack. The experiments were conducted at a constant freestream velocity
of 40 m/s, corresponding to a Reynolds number of 4.21 x 10%. Forces and moments
were recorded using an Aerotech® six-component internal balance with a nominal accu-
racy of +0.06% of the full-scale measurement range, providing a measurement accuracy
of £0.90 N for lift and +0.18 N for drag. Further details on the experimental methodol-
ogy and setup can be found in Section 5.2.3 (13).

6.2.3 Operating Conditions

A variety of cornering conditions are considered for the performance analyses to formu-
late a comprehensive understanding of the potential benefits and limitations of AALB
provided by the 2D active aerodynamic systems on the high-performance vehicle con-
cepts. Corners with radii of 15, 30, and 50 car-lengths (L) are selected to cover various
driving scenarios, ranging from tight corners to high-speed bends. As previously pre-
sented in Figure 6.1, an initial performance assessment of the baseline high-performance
vehicle is used to determine representative operating conditions for the CFD simulations
on the active high-performance vehicle concepts in each cornering condition. Follow-
ing the assessment that will be discussed in Section 6.3.1, the 15L, 30L, and 50L radius
corners are simulated at 29 m/s, 42 m/s and 54 m/s, respectively.

6.2.4 Computational Fluid Dynamics Simulations

This study employs CFD simulations to obtain aerodynamic data for the DrivAer hp-F
concepts featuring 2D active aerodynamic systems under the previously specified oper-
ating conditions. The methodology follows the validated approach from Chapter 5 (13),
which builds on the extensive methodological work in Chapter 2 (36), including a grid
convergence study, turbulence model assessment, and comprehensive validation. An
overview of the methodology is provided here, while further details are available in the
prior chapters.

6.2.4.1 Domain and Boundary Conditions

The steady-state cornering conditions are simulated using a rectangular domain with mod-
ified inlet and outlet positions. The computational domain, illustrated in Figure 6.4, in
combination with a moving reference frame, allows for the simulation of various corner
radii. This approach eliminates the need for re-meshing the entire domain for each op-
erating condition, thereby improving the numerical workflow efficiency. The domain di-
mensions adhere to best practice guidelines for automotive aerodynamic simulations (37),
extending three car lengths (L) upstream, SL. downstream, and 1.5L above and to the sides
of the vehicle.

141



Chapter 6. Cornering Analysis of Active Aerodynamics 6.2. Methodology

B inlet
B outlet

Figure 6.4: Illustration of the computational domain with cornering boundary conditions.

The moving reference frame approach defines a rotational frame motion about an external
point, referred to as the centre of rotation, to simulate the curved path during cornering.
Since the domain is prescribed with an angular velocity, the ground plane is modelled
to remain stationary. Wheel rotation is simulated with rotational moving wall boundary
conditions, which prescribe an angular velocity to match the required tangential velocity
at each wheel.

As detailed in Section 6.2.3, representative operating states are selected based on an ini-
tial performance assessment of the baseline DrivAer hp-F. Additionally, turbulence con-
ditions are derived from on-road turbulence measurements for ground vehicles (38) to
replicate realistic driving conditions. An overview of the simulation settings for each
operating condition is provided in Table 6.2.

6.2.4.2 Mesh

The computational domain is constructed using an overset mesh approach, which utilises
individual unstructured poly-hexcore meshes created in ANSYS Fluent Meshing. The
overset mesh technique applies data interpolation within overlaying mesh regions, thereby
allowing specific component mesh transformations without needing to re-mesh the entire
domain. Supported by its demonstrated effectiveness in prior studies (13, 34), the overset
mesh methodology is a particularly beneficial approach to improve the workflow effi-
ciency for the substantial amount of CFD simulations in this study.

Figure 6.5 shows the overset interfaces of the component meshes, where the interfaces of
the vehicle body, front wing elements, and individual wheels are shown in grey, orange
and blue, respectively. The tilt rear wing consists of a single component mesh, depicted
in green, while the split rear wing elements comprise two individual component meshes.
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Table 6.2: Overview of the CFD simulation settings for each cornering condition.

Feature Symbol . I5L . 30L .SOL
Radius corner Radius corner Radius corner
Velocity (tangential) v 29 m/s 42 m/s 54 m/s
Moving reference frame
Frame motion rotational rotational rotational
Motion axis X, V2 0,0,1 0,0,1 0,0,1
Velocity (0] 0.4191 rad/s 0.3035 rad/s 0.2341 rad/s
Inlets & Outlets
Velocity-inlet v 0 m/s 0 m/s 0 m/s
Pressure-outlet P 0 Pa 0 Pa 0 Pa
Turbulent intensity It 4% 4% 4%
Turbulent length scale Ir 25m 2.5m 25m
Wheels
Steering angle o 2.2° 1.5° 1.1°
Rotation axis
Front X, ),2 sin(d), -1,0 sin(d), -1,0 sin(6), -1, 0
Rear X, 0,2 0,-1,0 0,-1,0 0,-1,0
Velocity
Front inboard w 91.272 rad/s 132.903 rad/s 171.225 rad/s
Front outboard [0} 93.299 rad/s 134.371 rad/s 172.358 rad/s
Rear inboard [0} 91.267 rad/s 132.901 rad/s 171.225 rad/s
Rear outboard [0} 93.294 rad/s 134.370 rad/s 172.357 rad/s
Reference air properties
Density p 1.204 kg/m? 1.204 kg/m? 1.204 kg/m?
Dynamic viscosity u 1.813e-5 kg/(m-s) 1.813e-5 kg/(m-s) 1.813e-5 kg/(m-s)
Temperature T 20°C 20°C 20°C

These meshes, superimposed on the background mesh inclusive of refinement zones, form
the complete domain. Utilising this approach enables independent adjustments of the

wheels’ steering angles and operating settings of the active aerodynamic devices.

Figure 6.5: Illustration of the overset component mesh interfaces.
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Element Size (mm)
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Figure 6.6: Contour plot of element sizes in proximity of the vehicle using a volume slice
aty = 0 (symmetry).

The mesh settings in this study are derived from the authors’ previous research on the
DrivAer hp-F model in Chapter 2 (36), which evaluated grid convergence and near-wall
modelling approaches for cost-effective Reynolds-Averaged Navier-Stokes (RANS) sim-
ulations against experimental data and high-fidelity Delayed Detached Eddy Simulations
(DDES) on a wall-resolved mesh with a y© < 1. Accordingly, the base element and
vehicle surface element sizes are approximately 7.4% and 0.45% of the vehicle’s length,
respectively. Vehicle surface element sizes are locally reduced by over 80% for refinement
on aerodynamic elements and small geometric features.

A medium near-wall treatment with a y*© ~ 120-150 and 4-6 inflation layers is targeted
for each operating condition. Additionally, refinement zones for improved resolution in
the vehicle’s near-field and wake region are incorporated, as depicted in Figure 6.6. Al-
together, the meshes for the split rear wing concept have an average cell count of approx-
imately 19.6 million, while those for the tilt rear wing concept have around 23.9 million.
All meshes generally contain an orthogonal quality above 0.7 for 99% of the cells.

6.2.4.3 Solve

Steady-state RANS simulations are performed using the k-@ SST turbulence model (39)
in ANSYS Fluent. The selection of this model is based on its demonstrated accuracy
and computational efficiency for aerodynamic simulations on the DrivAer hp-F model
in Chapter 2 (36), which compared various RANS models against high-fidelity DDES
simulations and experimental data.

The governing equations include the continuity, momentum, and transport equations for
turbulent kinetic energy and specific dissipation rate. Pressure-velocity coupling is per-
formed using the coupled scheme, with gradients computed via the least-squares cell-
based method. Pressure discretisation employs a second-order scheme, while momentum
and turbulence transport equations are solved using a second-order upwind scheme.
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Simulation duration is determined based on the statistical convergence of lift and drag
coefficients, monitored throughout the iterations. The moving mean of these coefficients
typically stabilises within 200 iterations. To ensure convergence, simulations are carried
out for 750 iterations, with force coefficients averaged over the final 450 iterations. The
simulations are executed on two nodes consisting of AMD EPYC 7543 processors, util-
ising a total of 128 cores. The computational time varies between the high-performance
vehicle configurations, averaging approximately 4 hours for the split rear wing concept
and 5 hours for the tilt rear wing concept.

6.2.4.4 Post-Processing

The aerodynamic analyses in this study use non-dimensional coefficients of forces and
pressures obtained from the CFD simulations. Force coefficients are expressed by
Eq. (6.1), where F; (N) denotes the numerical force results and C;j (-) the non-dimensional
force coefficients, with i indicating lift (L) or drag (D). Similarly, pressure coefficients
are given by Eq. (6.2), where P (Pa) represents the numerical static pressure results,
Pyp (Pa) the operating pressure of 101325 Pa, and C,, (-) the non-dimensional pressure
coefficient. Reference quantities of the air density p (kg/m>), velocity v (m/s), and frontal
area Arer (m?) are listed in Tables 6.1 and 6.2.

F;
G=1—— (6.1)
5 P V- Aref
P —P
G="T-5 6.2)
2PV

6.2.5 Vehicle Dynamics Model

This research utilises a vehicle dynamics model which incorporates aerodynamic forces,
lateral load transfer, and non-linear tyre characteristics to evaluate vehicle performance
in steady-state cornering conditions. A general overview of the model, illustrated in
Figure 6.7, is first provided to support the interpretation of detailed formulations.

Centrifugal Required Lateral Forces
Force

Radius > Aerodynamic Vertical Tyre Lateral Tyre

Aerodynamic Loads | | ateral Load Forces Tyre Model Forces
Velocity Data "l  Transfer
A

Lateral Force
Check

v

Increase Velocity

A

No

Maximum Cornering Velocity

A

Figure 6.7: Vehicle dynamics model workflow.
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The model operates iteratively, cycling through velocities for a specified corner radius. At
each velocity, the required lateral force for the vehicle to maintain its cornering trajectory
is calculated for both the front and rear axles. To ensure that aerodynamic performance is
accurately represented, aerodynamic maps are created for the specified cornering condi-
tions and incorporated into the model. These maps, combined with the effects of lateral
load transfer, are used to calculate the vertical forces acting on each tyre.

These vertical forces are then input into the tyre model, which iterates through front and
rear slip angles until the required lateral force for each axle is achieved. This iterative
process continues, with the velocity incrementally increasing until the required lateral
force at either the front or rear axle can no longer be produced. The final velocity at
this point represents the maximum achievable velocity for the given corner radius. The
model assumes traction-limited states, implying that the vehicle’s propulsion system can
generate the necessary power to achieve the maximum velocity. The vehicle parameters
used in the model, listed in Table 6.3, are based on indicative specifications of sports and
racing cars (2).

Table 6.3: Overview of the vehicle parameters.

Parameter Symbol  Unit Value
Mass
Sprung vehicle body mass my, kg 1300
Driver mass my kg 75
Front unsprung mass my g kg 90
Rear unsprung mass My kg 100
Total sprung mass My kg 1375
Total mass m kg 1565
Dimensions
Wheelbase length / m 2.786
Distance front axle to COG Ly m 1.4766
Distance rear axle to COG I, m 1.3094
Height COG hcog m 0.5
Height front unsprung mass huy m 0.2969
Height rear unsprung mass Ry m 0.2969
Height roll centre at COG position h m 0.0912
Height front roll centre hy m 0.2969
Height rear roll centre hy m 0.2969
Distance roll axis to COG d m 0.4088
Width front track ty m 1.5204
Width rear track ty m 1.5204
Suspension
Roll stiffness ko Nm/rad 1.1459 x 10°
Front axle roll stiffness ko f Nm/rad 6.3025 x 10*
Rear axle roll stiffness ko, Nm/rad 5.1566 x 10*
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6.2.5.1 Vehicle Model

The vehicle model is based on a bicycle model, which has been demonstrated to ad-
equately simulate dominant vehicle dynamics effects even in extreme operating condi-
tions (40), making it a suitable approach for this study.

The vehicle model, depicted in Figure 6.8, uses combined slip angles ay (rad) and
a, (rad) for the front and rear tyres, respectively. Applying a small angle approxima-
tion, the steering angle 0 (rad) and side slip angle 3 (rad) are expressed by Egs. (6.3)
and (6.4). Small angle approximations employed in this study have a maximum error of
around 0.2%, which is considered acceptable for the purpose of the analyses.

l
5:E+af—ar (6.3)
B=" o (6.4)
= e )

Figure 6.8: Schematic illustration of the vehicle model.
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6.2.5.2 Centrifugal Force

In order for a vehicle to maintain its trajectory in a steady-state cornering condition, it
must generate a lateral cornering force equal to the centrifugal force F,. (N), formulated
by Eq. (6.5). Here, m (kg) represents the total vehicle mass, V (m/s) the vehicle’s velocity,
R (m) the corner radius, and a (m/s?) the vehicle’s lateral acceleration.
V2
F. =m— =ma (6.5)

The moment equilibrium about the vehicle’s centre of gravity (COG) determines the re-
quired lateral forces which must be produced at the front Fy ., (N) and rear Fy, ey (N)
axles to maintain the cornering trajectory, as expressed by Egs. (6.6) and (6.7). In these
equations, / (m) denotes the wheelbase length, and /; (m) and /, (m) represent the dis-
tances between COG and the front and rear axles, respectively.

~

Fyf,req :FCTr (6.6)
Ly
Fs)r,req =F 7 (6.7)

6.2.5.3 Vertical Tyre Forces

The actual lateral forces produced by the tyres are dependent on the individual vertical
tyre forces. In steady-state cornering, the loads are influenced by aerodynamic forces and
lateral load transfer. A schematic view of lateral load transfer during cornering is provided
in Figure 6.9, serving as a visual aid for the formulations of vertical wheel loads.

The front and rear static wheel loads, denoted with W, (N) and W, (N), are defined by
Egs. (6.8) and (6.9). Here, m, (kg) represents the sprung mass, m, s (kg) the front unsprung
mass, my,, (kg) the rear unsprung mass, and g (m/s?) the gravitational acceleration.

1 [

Wy = Eg(muf—i—mST) (6.8)
1 [

W, = Eg (mur + my Tf) (6.9)

The lateral load transfers resulting from the centrifugal force on the front and rear un-
sprung masses, indicated with Fry; (N) and Fr,; (N) respectively, are expressed by
Eqgs. (6.10) and (6.11). In these equations, s (m) and £, (m) denote the heights of
the front and rear unsprung masses, and 7, (m) and #, (m) the front and rear track widths.

h
Fryi=mypa <Lf> (6.10)
Iy
h
Fry1 = myra (%) 6.11)
r
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/

Figure 6.9: Schematic illustration of lateral load transfer.

The centrifugal force on the sprung mass can be expressed as a force acting on the roll
axis, transmitted via the suspension links, and an additional roll couple due to the distance
between the COG and the roll axis, transmitted through the springs. Similarly, the aero-
dynamic loads on the sprung mass can be conceptualised as an aerodynamic side force
acting on the roll axis, and an aerodynamic roll moment about the roll axis.

Considering the forces transmitted through the suspension links first, the load transfer
resulting from the centrifugal force is distributed between the front and rear axles by the
vehicle’s COG position. The magnitudes of aerodynamic side force components acting on
the front and rear roll centres, represented by Fgs (N) and Fy, (N), impact the lateral load
transfer resulting from aerodynamic loads at the respective axles. Together, the forces
transmitted via the suspension links induce a lateral load transfer at the front and rear
axle, denoted by Fry > (N) and Fr, (N), which are formulated by Eqgs. (6.12) and (6.13).
Here, i (m) and A, (m) represent the front and rear roll centre heights. The aerodynamic
side force components are defined in the same direction as the centrifugal force.

I\ (h h

Frso=mya (—’) (—f> + Fsf (—f) (6.12)
[ ty Iy
I\ (b h,

Fry2 =mya (7f> (7) +F, (7) (6.13)

The roll moment of the sprung mass about the vehicle’s roll axis, generated by the cen-
trifugal force and aerodynamic loads, is transmitted through the suspension springs. By
applying a small angle approximation, the resultant roll angle of the sprung mass ¢ (rad)
is expressed by Eq. (6.14).
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Here, M, ;. (Nm) denotes the aerodynamic roll moment about the vehicle’s roll centre at
the COG position, defined in the opposite direction of the moment created by the cen-
trifugal force. The distance between the COG and the roll axis is represented by d (m),
and the total roll stiffness by ky (Nm/rad).

mgad — MA,rc

6= (6.14)

ko —msgd

The roll moments reacted at front and rear axles, denoted by My (Nm) and M, (Nm),
are proportional to the roll stiffnesses of the axles. The roll moments are formulated by
Egs. (6.15) and (6.16), where the roll stiffnesses of the front and rear axles are represented
by kyr (Nm/rad) and ky, (Nm/rad), respectively.

Mp=kos 9 (6.15)

M, = kor 0 (6.16)

The lateral load transfers at the front Frs3 and rear Fr,3 axles, resulting from the roll
moments, are subsequently expressed by Egs. (6.17) and (6.18).
My

Fris=—" (6.17)
Iy

M,

Fri3 = (6.18)

;
During cornering, lateral load transfer occurs from the inside to the outside wheels. Given
that this study considers left-hand corners, the load transfers from the left to the right tyres.
Additionally, vertical wheel loads are affected by aerodynamic downforce on each wheel,
as formulated by Eqgs. (6.19)-(6.22). The downforce on the front left, front right, rear left,
and rear right tyres is denoted by Fpr, s (N), Fpr,rr (N), Fprr (N), and Fpp,r (N). The
overall vertical forces acting on the respective tyres are represented by Fz ¢ (N), Fz 7 (N),
FZ,rl (N), and FZ7rr (N).

Fz 11 =Wr—Frr1—Frgo—Fryz+Fpryi (6.19)
Fz. 00 =WetFre1+Freo+Fres—+Fprgr (6.20)
Fz 1 =Wy —Frry — Frr2 — Fre3+ Fprp (6.21)
Fz o =W+ Frp1 + Frro + Fri3 + Fprr (6.22)
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6.2.5.4 Tyre Model

The actual lateral force produced by each individual tyre is modelled as a function of slip
angle and vertical load, using the widely deployed Pacejka 96 model (41). The lateral
tyre force Fy, (N) is described by Eq. (6.23), where ; (rad) is the slip angle, with subscript
i indicating the front (f) or rear (r) tyres.

The peak value D, shape factor Cy, curvature factor Ey, stiffness factor By, and normalised
change in vertical load d f7 are described by Egs. (6.24)-(6.28). Here, the nominal vertical
wheel load is denoted by Fzy (N), the actual vertical wheel load by Fz (N), and the wheel
camber by v (rad). Furthermore, the Pacejka coefficients are represented by pcyi...pxy3
and the scaling factors by A,,...Ag,.

Dy = Fz(ppy1 +Ppy2dfz)(1 —ppy3 Yz))vuy (6.24)
Cy = PeyiAcy (6.25)
Pt Fsin 2tan ! (500 ) | (1= by 7D A0 A 626
Y Cy D, '
Ey = (ppy1 +Pey2dfz)(1 — (Pey3 +Peya ¥) sgn(c)) Agy (6.27)
F,—F;
dfz = 2= (6.28)
Fzo

Following the procedure of Seward (1), Pacejka coefficients are derived which approxi-
mate lateral tyre force data for a 250/570R13 Avon British F3 tyre with 0° camber (42).
The tyre model coefficients are listed in Table 6.4 and the corresponding lateral tyre force
characteristics are illustrated in Figure 6.10.

Table 6.4: Overview of the tyre model coefficients.

Coefficient  Value Coefficient Value
Fro 4905 N Pky1 -35
Pcy1 2.5 Pky2 3
Ppr1 -1.41 Pky3 0
Ppy2 0.6 Auy 1
Ppy3 0 Acy 1
PEyi 0.5 AFZO 1
PEy2 0 Akya 1
PEY3 0 AEy 1
PEYa 0 Y 0°
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6.2.5.5 Tyre Characteristics

The tyre’s ability to generate lateral force depends on both slip angle and vertical load, as
shown in Figure 6.10a. At low slip angles, lateral force increases approximately linearly,
but the relationship becomes non-linear near the peak, beyond which grip decreases with
increasing slip angle. Additionally, lateral force increases with vertical load, but at a
diminishing rate.

This vertical tyre load sensitivity is further illustrated in Figure 6.10b, which plots lateral
force against vertical load at constant slip angles. The rate of lateral force gains is great-
est at low to moderate vertical loads but declines significantly as the tyre approaches its
saturation point, beyond which more vertical load can even reduce grip. This behaviour is
most pronounced near the tyre’s peak operating range, which for this 250/570R13 Avon
British F3 tyre is at slip angles of around 6°- 8°, depending on the vertical load.

Tyre characteristics have significant implications for vehicle performance during corner-
ing. Lateral load transfer increases vertical load on the outside tyres while reducing it on
the inside tyres. For the vehicle considered in this study, individual vertical tyre loads can
range from nearly 8000 N on the outside tyres to as little as 700 N on the inside tyres.
Due to the tyre’s non-linear vertical load sensitivity, this imbalance reduces the total lat-
eral grip generated by the axle. The lightly loaded inside tyres lose lateral force capacity
more rapidly than the heavily loaded outside tyres gain, resulting in a net reduction in
overall grip compared to a more balanced load distribution.

Conventional symmetric aerodynamic devices generate downforce equally on both sides
of the vehicle, increasing vertical tyre loads without reducing lateral load transfer. While
this enhances grip, it does not leverage the tyre’s load sensitivity to optimise total lateral
force. In contrast, 2D active aerodynamic systems capable of AALB enable asymmetric
actuation, allowing downforce to be prioritised on the underloaded inside tyres while
generating an aerodynamic roll moment that opposes lateral load transfer. Although this
AALB approach may slightly reduce total downforce due to lower loading on the outside
tyres, the aerodynamic roll moment can reduce lateral load transfer across the axle.

The resulting decrease in load on the outside tyres, which already operate near saturation,
leads to only a minor loss in lateral force. Meanwhile, the inside tyres benefit from both
high local downforce and reduced load transfer away from them. Since the inside tyres
operate in the more linear, high-sensitivity region of the tyre load curve, the net effect is
an increase in total lateral grip across the axle. This mechanism forms the theoretical basis
for the two high-performance vehicle concepts featuring 2D active aerodynamic systems
capable of AALB evaluated in this study.
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Figure 6.10: (a) Lateral tyre force as a function of slip angle at constant vertical loads and
(b) lateral tyre force as a function of vertical load at constant slip angles.

6.3 Results and Discussion

This section begins by evaluating the performance of the baseline DrivAer hp-F con-
figuration to establish a reference for subsequent analyses. As outlined in Section 6.2,
these results are used to define the operating states for the CFD simulations of the active
high-performance vehicle concepts. Building on this foundation, the impact of AALB on
cornering performance is analysed for both the split rear wing and tilt rear wing concepts.
The section concludes with a comparative assessment of the AALB capabilities of the two
configurations.

6.3.1 Baseline Vehicle Configuration

The experimental aerodynamic force data for the baseline DrivAer hp-F, presented in
Figure 6.11, shows two downforce enhancement regions across the rear wing’s
angle of attack range. In the initial 0°-15° range, downforce increases by approximately
ACy, = —0.103 until the rear wing stalls at around 15°. Beyond the stall angle, downforce
increases by another ACy, ~ —0.129 along the 15°-27.5° range. Prior analyses have shown
that downforce generation from the rear wing itself diminishes after its stall angle, but that
high angles of attack create substantial upstream pressurisation, reducing lift generation
along the vehicle’s upper surfaces (12, 13).

High rear wing angles of attack also produce substantially more drag. The average drag
penalty per 2.5° angle of attack increment rises by nearly 80%, from ACp ~ 0.006 in the
0°-15° range to ACp ~ 0.011 in the 15°-27.5° range. The downforce produced by the
rear wing primarily acts on the rear axle, while slightly reducing front axle downforce by
ACt, =~ 0.027 across the 0°-27.5° range. Consequently, the vehicle’s aerodynamic balance
shifts from around 88% front axle downforce at 0° to approximately 38% at 27.5°.
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Figure 6.11: Experimental results of (a) lift coefficients, (b) downforce distribution, and
(c) drag coefficients for the baseline DrivAer hp-F with varying rear wing angles of attack.

Performance results derived from this aerodynamic data, presented in Figure 6.12, indi-
cate that the maximum cornering velocity initially increases with the rear wing’s angle of
attack before reaching an optimal point and subsequently declines. Compared to the 0°
rear wing angle of attack, the maximum cornering velocity improves by approximately
Av = 0.14 m/s (0.5%) at 15° in the 15L radius corner, Av ~ 0.48 m/s (1.2%) at 20° in
the 30L radius corner, and Av =~ 1.09 m/s (2.1%) at 20° in the 50L radius corner. These
velocity enhancements correspond to peak lateral acceleration improvements of approxi-
mately 1.0%, 2.4%, and 4.2% over the 0° rear wing angle of attack cases in the 15L, 30L,
and 50L radius corners, respectively.

Notably, peak performance across the cornering conditions is achieved at front axle down-
force distributions ranging from approximately 45% to 55%. Furthermore, it is evident
that the rear wing’s impact on the vehicle’s cornering performance becomes more sub-
stantial at higher velocities. This is a result of the absolute magnitude of aerodynamic
downforce, which quadratically increases with the vehicle’s velocity. Figure 6.12 also
shows that the vehicle’s performance is initially limited by the grip generated by the rear
tyres, transitioning to being front grip limited at higher rear wing angles of attack.
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Figure 6.12: Maximum velocity for the baseline DrivAer hp-F in the (a) 15L, (b) 30L,
and (c) SOL radius corners, along with (d) the corresponding lateral accelerations for each
cornering condition, as a function of the rear wing angle of attack.

To further elaborate on the vehicle’s limit behaviour, the lateral tyre forces for front and
rear grip limited states in the S0L radius corner are presented in Figure 6.13. It has been
demonstrated that front axle downforce slightly diminishes with increasing rear wing an-
gle of attack, whereas rear axle downforce noticeably increases. The reduced front axle
downforce together with the increased lateral load transfer at a 20° rear wing angle of
attack cause a reduction in the potential grip production of the front inside tyre compared
to that at a 0° rear wing angle of attack. Conversely, despite the larger lateral load trans-
fer, the enhanced rear axle downforce at the 20° rear wing angle of attack improves the
potential grip production of both the rear inside and outside tyres.

Consequently, the combined lateral tyre forces, depicted in Figures 6.13c and 6.13d,
demonstrate that if the velocity of the vehicle with a 0° rear wing angle of attack con-
tinues to increase, the rear tyres would not be able to generate the required lateral force,
leading to oversteering limit behaviour. Contrarily, at a 20° rear wing angle of attack,
the front tyres would produce an insufficient lateral force, resulting in understeering limit
behaviour. Additionally, both figures indicate that the rear axle must generate a larger
lateral force to maintain the moment equilibrium about the vehicle’s COG, given that the
COG is positioned closer to the rear axle.
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Figure 6.13: Comparison of lateral tyre forces from the baseline DrivAer hp-F at 0° and
20° rear wing angles of attack in the SOL radius corner, showing forces for (a) individual
front tyres, (b) individual rear tyres, (c) combined front tyres, and (d) combined rear tyres.

6.3.2 Active Aerodynamic Load Balancing Vehicle Concepts

The split rear wing and tilt rear wing high-performance vehicle concepts, detailed in
Section 6.2.1, are designed to influence the distribution of aerodynamic loads to improve
cornering performance. This section first discusses the control strategy developed for
the active aerodynamic devices on these high-performance vehicle concepts, followed
by analyses of the aerodynamic characteristics and cornering performance. The section
concludes with a comparison between the AALB capabilities of both high-performance
vehicle concepts.

6.3.2.1 Control Strategy

The control strategy in this study is designed to operate the active aerodynamic devices
of both high-performance vehicle concepts at comparable operating settings to ensure
a consistent comparison between the concepts. The control strategy leverages findings
from the initial performance assessment of the baseline vehicle, which demonstrated that
a balanced front-to-rear downforce distribution is essential for achieving high cornering
velocities. The settings for the front and rear located active aerodynamic devices are
therefore coupled on either side of the high-performance vehicle concepts to maintain
this balance.

The operating settings are derived from aerodynamic data obtained by varying the front
and rear wing angles of attack under straight-line conditions, depicted in Figure 6.14a. A
viable operating space of front and rear wing angle of attack combinations is determined
using a 40%-60% front axle downforce distribution constraint, shown in Figure 6.14b.
Within the defined space, this study opted to use an operating line representing linear com-
binations of front and rear wing angles of attack, sampled at five evenly spaced operating
settings that are simulated to map the aerodynamic performance of the high-performance
vehicle concepts.
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Figure 6.14: Downforce coefficients on the vehicle body (a) across the entire range of
simulated front and rear wing angles of attack, and (b) within the 40%—-60% front axle
downforce distribution range, including the determined operating line and settings.

Accordingly, operating settings for the split rear wing concept pair a 2.5° front wing
element angle of attack increment with a 7.5° rear wing element angle of attack increment
on the same side of the vehicle, as detailed in Tables 6.5 and 6.6. To establish comparable
operating settings for the tilt rear wing concept, a 2.5° front wing element angle of attack
increment is coupled with a 3.75° rear wing angle of attack increment and 3° upward tilt
of the rear wing on the same side of the vehicle, as outlined in Tables 6.5 and 6.7.

By adjusting the operating settings for the active aerodynamic devices located at the inside
and outside of the high-performance vehicle concepts, the distribution of aerodynamic
loads across the inside and outside tyres can be influenced. Given that the control strate-
gies for both concepts apply similar operating settings, a consistent comparison between
the two concepts can be conducted in terms of their performance and AALB capabilities.

Table 6.5: Split front wing: angles of attack for the inside (¢y) and outside (&) located
elements for each operating setting combination.

01 02 03 04 05
o | ao o | ao o | oo o | ao o | oo
11 0° | 0° 0° | 2.5° 0° | 5° 0° | 7.5° 0° | 10°
2 250 25° 25 25| 5° 2.5° | 7.5° 2.5° | 10°
I3 50 | 0° 50 | 2.5° 50 | 5° 50 ] 75° 50 | 10°
4 75| 0° 75° 25 75° | 5° 7.5° | 7.5° 7.5° | 10°
I5 10° | 0° 10° | 2.5° 10° | 5° 10° | 7.5° 10° | 10°
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Table 6.6: Split rear wing: angles of attack for the inside (¢y) and outside (o) located
elements for each operating setting combination.

01 02 03 04 05
oy | oo o | ao o | oo o | oo o | ao
n o0 |0 0° |75  0° |15  0° |225°  0° |30°
R 75 | 0° 75° | 750 7.5° | 15° 75 | 225°  7.5° | 30°
B15° | 0 15° [ 752 15° | 15°  15° | 22.5°  15° | 30°
4 225 | 0°  225° | 75° 2259 | 15°  22.5° | 225°  22.5° | 30°
5 30° | 0° 30° | 7.5 30° | 15°  30° | 22.5°  30° | 30°

Table 6.7: Tilt rear wing: angles of attack (4) and tilt angles (o) for each operating
setting combination.

01 02 03 04 05
(0% | or (07 | or (07 ’ or (07 | or (07 | or
I 0° | 0° 375 |3 75 |6 1125 | 9° 15° | 12°
2 375 | -3°  75° | 0°  1125°| 3°  15° | 6 1875 | 9°
I3 75° | -6° 1125°]-3°  15° | 0° 18.75°| 3°  22.5° | 6°
4 1125° ] -9°  15° | -6° 1875° | -3° 22.5° | 0°  2625° | 3°
15  15° | -12° 1875° | -9° 225° | -6° 2625°|-3°  30° | 0°

6.3.2.2 Split Rear Wing

Analyses of the aerodynamic performance of the split rear wing high-performance ve-
hicle concept reveal that downforce and drag coefficients generally increase with higher
operating settings for the inside and outside active aerodynamic devices throughout the
different cornering conditions, as observed in Figure 6.15. The rate at which downforce
coefficients increase is highest in the 15L radius corner and lowest in the S50L radius cor-
ner, indicating that the response to operating settings becomes slightly more gradual with
increasing corner radii.

Inside dominant operating states mainly exhibit higher downforce and lower drag coef-
ficients than outside dominant operating states. This observation is especially evident in
the 15L radius corner, suggesting a favourable flow alignment on the inside of the vehicle
in tighter corners. The maximum downforce coefficient in the 15L radius corner also ex-
ceeds that of the 30L and 5OL radius corners by 3.5% and 5%, respectively, whereas the
maximum drag coefficient is only 1% higher. Across the operating states, the front axle
downforce distribution varies from approximately 49% to 57%, thereby remaining within
the intended range of the control strategy.
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Figure 6.15: Downforce (a) and drag (b) coefficients for the split rear wing high-
performance vehicle concept across various cornering conditions, as a function of the
inside and outside operating settings of the active aerodynamic systems.

Figure 6.16 demonstrates that aerodynamic performance variations between maximum
symmetric operating states in different cornering conditions primarily occur on the under-
body. Upper body surfaces depict comparable pressure coefficient distributions, where the

uniform high-pressure region on top of the split rear wing elements produces a noticeable
upstream pressurisation along the roof.

On the underbody, high symmetric front wing settings result in substantial low-pressure
regions on both elements. Another pronounced low-pressure area is generated around the
front axle, which develops further downstream with reducing corner radii. Flow condi-
tions in tight corners also favour low-pressure generation on the diffuser section on the
inside of the vehicle, whereas the pressure coefficient distribution becomes more sym-
metric in larger corners that approach symmetric straight-line conditions.

Maximum inside bias operating states generate a more substantial high-pressure region on
the upper surface of the inside element than on the outside element of the split rear wing
in each cornering condition, as shown in Figure 6.17. The pressure difference between the
split rear wing elements induces a vortex which adversely affects the high-pressure region
on the outside element. Furthermore, the upstream pressurisation at this operating state
is primarily generated by the inside element and is therefore considerably less substantial
than at the maximum symmetric operating state.
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Figure 6.16: Pressure coefficient distribution on the split rear wing high-performance
vehicle concept at its maximum symmetric state (5,5) in the (a) 15L, (b) 30L, and (c) SOL
radius corners.

The pressure coefficient distributions on the vehicle’s underbody with a maximum inside
bias operating state show that the inside split front wing element generates a stronger
low-pressure region than the outside element. The pressure difference between these el-
ements drives the formation of a vortex, which propagates along the floor and leaves a
low-pressure trace. Additionally, the front wing settings influence downstream flow con-
ditions, where high angles support low-pressure generation in the diffuser on the same
side of the vehicle. This effect appears more pronounced in smaller corners, likely aug-
mented by the flow alignment effects discussed for the maximum symmetric state.
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Figure 6.17: Pressure coefficient distribution on the split rear wing high-performance
vehicle concept at its maximum inside bias operating state (1,5) in the (a) 15L, (b) 30L,
and (c) S0L radius corners.
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Having established an understanding of the functioning behind the active aerodynamic
devices of the split rear wing high-performance vehicle concept, Figure 6.18 presents the
influence of the operating states on the downforce acting on the inside and outside tyres in
each cornering condition. As previously identified, flow conditions in tight corners have
been shown to benefit downforce generation on the inside of the vehicle. Accordingly,
the highest inside and lowest outside downforce coefficients are generally observed in the
15L radius corner. Conversely, the nearly symmetric flow conditions in the SOL radius
corner result in more balanced magnitudes of inside and outside downforce coefficients.

Throughout the cornering conditions, the inside downforce coefficients increase with
higher operating settings for the aerodynamic devices on the same side of the vehicle.
However, for a given inside operating setting, the inside downforce coefficients also in-
crease with increasing outside operating settings. The same response to operating settings
for the aerodynamic devices on the opposite side of the vehicle is observed for the outside
downforce coefficients, indicating that an amplifying aerodynamic interaction between
aerodynamic devices on either side of the vehicle occurs.
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Figure 6.18: Downforce coefficients on the (a) inside and (b) outside tyres for the split
rear wing high-performance vehicle concept in various cornering conditions, as a function
of the inside and outside operating settings of the active aerodynamic systems.
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The distribution of aerodynamic loads, influenced by the operating states of the active
aerodynamic devices, induces an aerodynamic roll moment about the vehicle’s roll axis.
The aerodynamic roll moment coefficients, depicted in Figure 6.19, therefore provide an
indication of the vehicle’s AALB capability. In this analysis, positive coefficients refer
to an aerodynamic roll moment toward the inside tyres and negative coefficients to an
aerodynamic roll moment toward the outside tyres. Hence, a desirable AALB concept
in symmetric straight-line conditions would not generate an aerodynamic roll moment
at symmetric operating states, whereas inside and outside bias operating states would
respectively generate positive and negative aerodynamic roll moments.

The 50L radius corner results show most resemblance to this described straight-line be-
haviour, where inside and outside bias operating states generally result in positive and
negative aerodynamic roll moment coefficients. However, as previously identified, the
asymmetric cornering conditions favour downforce on the inside of the vehicle. Con-
sequently, positive aerodynamic roll moment coefficients are superior, especially in the
high operating settings range, as evidenced by the contour line of zero aerodynamic roll.
Positive aerodynamic roll moment coefficients become increasingly more dominant with
reducing corner radii, corresponding to the high disparity previously seen between the
downforce generated on the inside and outside tyres of the vehicle.

The influence of AALB on the maximum cornering velocity of the split rear wing high-
performance vehicle concept is shown in Figure 6.20. Higher cornering velocities are
generally achieved with inside bias compared to outside bias operating states, confirming
their respective positive and negative impacts on tyre load distribution. Prior discus-
sions focused on aerodynamic force and moment coefficients to compare aerodynamics
in low- and high-speed cornering. However, as aerodynamic forces scale quadratically
with velocity, subsequent analyses will show that AALB has a greater absolute impact in
high-speed than in low-speed corners.
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Figure 6.19: Aerodynamic roll moment coefficients about the vehicle’s roll axis for the
split rear wing high-performance vehicle concept in the (a) 15L, (b) 30L, and (c) 50L
radius corners, as a function of the inside and outside operating settings of the active
aerodynamic systems. Black contour lines indicate a zero aerodynamic roll moment.
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Figure 6.20: Maximum velocity for the split rear wing high-performance vehicle concept
in the (a) 15L, (b) 30L, and (c) 50L radius corners, as a function of the inside and outside
operating settings of the active aerodynamic systems.

In the S0L radius corner, the peak velocity of 55.09 m/s is reached at the (1.7,5) inside bias
operating state, representing a 3.5% improvement over the minimum velocity of 53.25 m/s
at operating state (2,1) and a 0.4% increase over the velocity of 54.87 m/s at the maximum
symmetric operating state (5,5). Regarding lateral acceleration, this corresponds to a 7%
improvement over operating state (2,1) and 0.8% over (5,5). The inside bias configuration
achieves this peak performance while generating approximately 20% less downforce and
16% less drag, reducing the power required to overcome aerodynamic resistance by about
15% compared to the maximum symmetric operating state.

The peak velocity of 42.01 m/s in the 30L radius corner is achieved at the (1.8,5) inside
bias operating state, providing an approximate 1.5% improvement over the minimum ve-
locity of 41.40 m/s at operating state (3,2) and 0.4% over the velocity of 41.86 m/s at
the maximum symmetric operating state (5,5). In terms of lateral acceleration, this corre-
sponds to around 3.0% and 0.7% improvements over the (3,2) and (5,5) operating states,
respectively. The inside bias configuration achieves this while generating approximately
19% less downforce and 16% less drag, requiring around 15% less power to overcome
aerodynamic resistance.

Performance in the 15L radius corner exhibits the lowest sensitivity to AALB. While
outside bias operating states result in the lowest cornering velocity and inside bias states
enhance performance, the vehicle primarily benefits from a high downforce state, showing
limited sensitivity to lateral load distribution. Consequently, a peak velocity of 29.33 m/s
is achieved at the maximum symmetric operating state (5,5), increasing the minimum
velocity of 29.18 m/s at operating state (2,1) by approximately 0.5%, corresponding to a
1% increase in lateral acceleration.

The performance differences between operating states are driven by the aerodynamic load
distribution and its influence on tyre force generation. This is shown in Figure 6.21, which
depicts the lateral tyre forces for the maximum symmetric (5,5) and optimal inside bias
(1.7,5) operating states in the 50L radius corner. The inside bias state generates only a
modest aerodynamic roll moment, reducing lateral load transfer by approximately 1.2%
relative to the symmetric state. Combined with the high inside downforce, this reduces
the vertical load disparity between the inside and outside tyres by about 2.9%.
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Figure 6.21: Comparison of lateral tyre forces from the split rear wing high-performance
vehicle concept in its maximum symmetric (5,5) and optimal inside bias (1.7,5) operating
states in the SOL radius corner, showing forces for (a) individual front tyres, (b) individual
rear tyres, (c) combined front tyres, and (d) combined rear tyres.

The inside tyres, experiencing vertical loads of 800-1600 N, operate in the steep, high-
sensitivity region of the vertical load curve, whereas the outside tyres, loaded at 7400-
8000 N, operate near saturation, as previously discussed in Section 6.2.5.5. Prioritising
load on the inside tyres therefore yields a net gain in lateral grip, which in this scenario
predominantly benefits the otherwise grip-limited front axle under symmetric loading.
However, the shifted aerodynamic balance and reduced total rear downforce require the
rear tyres to operate at higher slip angles to sustain sufficient lateral force, becoming
the grip-limited axle for the inside bias state. Consequently, while the inside bias state
marginally enhances overall grip through effective load distribution, the modest aerody-
namic roll moment limits its potential to deliver more significant cornering velocity gains.

6.3.2.3 Tilt Rear Wing

The downforce and drag coefficients of the tilt rear wing high-performance vehicle con-
cept, presented in Figure 6.22, mainly increase with higher operating settings for the
inside and outside active aerodynamic devices in each cornering condition. The rate at
which downforce coefficients increase at low to medium operating settings is highest in
the SOL radius corner, whereas the response to high operating settings is most substantial
in the 15L radius corner.

The 15L radius corner results also demonstrate noticeable performance fluctuations at
high inside and outside bias operating states. These aerodynamic performance variabil-
ities are attributed to the interaction between the tilt rear wing and recirculation wake
vortices. Prior work has demonstrated that these vortex structures arise in cornering con-
ditions and intensify with reducing corner radii (13), thereby only manifesting as pro-
nounced performance variations in the 15L radius corner. The interaction seems to be
triggered by critical distances between the tilt rear wing and the vehicle body, influenced
by the angle of attack and tilt angle settings. The interaction slightly reduces the low-
pressure generation underneath the tilt rear wing and increases pressure drag on the vehi-
cle’s base, therefore resulting in relatively low-downforce and high-drag states.
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Figure 6.22: Downforce (a) and drag (b) coefficients for the tilt rear wing high-
performance vehicle concept across various cornering conditions, as a function of the
inside and outside operating settings of the active aerodynamic systems.

The front axle downforce distribution varies between approximately 50% to 56% through-
out the operating states in each cornering condition, thereby remaining within the intended
range of the control strategy. Quantitatively, the maximum downforce coefficient in the
15L radius corner is about 4.5% higher than in the 30L and 50L radius corners, while the
maximum drag coefficient is less than 1% higher.

Similar to the split rear wing concept, pressure coefficient distributions on the maximum
symmetric operating state reveal that performance variations across cornering conditions
primarily occur on the underbody, as shown in Figure 6.23. Comparable features like the
upstream pressurisation of the rear wing and low-pressure generation on the front wing
elements are observable. Furthermore, the downstream development of the low-pressure
region near the front axle and the asymmetric pressure distribution in the diffuser again
indicate the variation in flow alignment between small and large radius corners.

Pressure coefficient distributions on the maximum inside bias state, presented in
Figure 6.24, depict a relatively symmetric distribution across the tilt rear wing’s span, de-
spite its high tilt angle. However, the upstream pressurisation effect is primarily generated
by the wing’s outside section, which is closest to the vehicle body, and consequently less
pronounced than for the maximum symmetric state. The increased proximity between the
outside wing section and the vehicle body also induces local airflow acceleration, slightly
promoting flow attachment on the lower surface of the downward-tilted wing section.
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Pressure Coefficient (-)
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Figure 6.23: Pressure coefficient distribution on the tilt rear wing high-performance ve-
hicle concept at its maximum symmetric state (5,5) in the (a) 15L, (b) 30L, and (c) S0L
radius corners.

Similar findings to those of the split rear wing concept’s maximum inside bias state are
observed along the underbody. The low-pressure region on the inside front wing ele-
ment is more substantial than on the outside element, driving the formation of a vortex
which propagates along the floor. Furthermore, front wing operating settings influence
downstream flow conditions, where high angles promote low-pressure generation in the
diffuser section on the same side of the vehicle. This behaviour appears again more pro-
nounced in smaller corners, likely amplified by the previously discussed flow alignment
effects.

Pressure Coefficient (-)

-0.70 -0.35 0.35 0.70

0.0
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Figure 6.24: Pressure coefficient distribution on the tilt rear wing high-performance vehi-
cle concept at its maximum inside bias operating state (1,5) in the (a) 15L, (b) 30L, and
(c) 50L radius corners.
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With the operational principles of the active aerodynamic devices of the tilt rear wing
high-performance vehicle concept now established, Figure 6.25 shows the impact of the
operating states on the downforce exerted on the inside and outside tyres throughout the
different cornering conditions. As identified earlier, downforce generation on the inside of
the vehicle is slightly promoted in tight corners, whereas more symmetrically distributed
aerodynamic loads are generated in large radius corners which approximate symmetric
straight-line conditions. Consequently, an increasing variability in the magnitudes of in-
side and outside downforce coefficients is observed with reducing corner radii.

Throughout the cornering conditions, inside and outside downforce coefficients increase
with higher operating settings for the active aerodynamic devices on the respective sides
of the vehicle. However, the inside downforce coefficients tend to reduce with higher
outside operating settings for a constant inside operating setting and vice versa. This
response is to be expected since the aerodynamic load bias to a single side of the vehi-
cle reduces when the opposite operating setting is increased, generating more laterally
balanced aerodynamic loads.
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Figure 6.25: Downforce coefficients on the (a) inside and (b) outside tyres for the tilt rear
wing high-performance vehicle concept in various cornering conditions, as a function of
the inside and outside operating settings of the active aerodynamic systems.
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The aerodynamic load distribution induces an aerodynamic roll moment about the vehicle
roll axis, as presented in Figure 6.26, which provides insights into the vehicle’s AALB ca-
pability. As mentioned before, positive coefficients refer to an aerodynamic roll moment
toward the inside tyres and negative coefficients to an aerodynamic roll moment toward
the outside tyres in this analysis. In straight-line conditions, a desired AALB concept
with symmetric settings would not generate an aerodynamic roll moment, whereas inside
and outside bias operating states would generate positive and negative aerodynamic roll
moments, respectively.

Aerodynamic roll moment coefficients in the SOL radius corner are nearly identical to
the desired response in straight-line conditions described above. The contour line of zero
aerodynamic roll is, however, marginally below the diagonal with symmetric operating
states, since the slight asymmetric conditions in this large corner radius still favour an
inside bias aerodynamic load distribution. As previously identified, the bias toward in-
side downforce generation increases with reducing corner radii, also evidenced from the
increasing positive aerodynamic roll moment coefficients across the operating states in
tighter corners.

The impact of AALB on the maximum cornering velocity of the tilt rear wing high-
performance vehicle concept is provided in Figure 6.27. Evidently, higher cornering ve-
locities are generally observed for inside bias compared to outside bias operating states
for each cornering condition. This emphasises the respective performance-enhancing and
deteriorating effects of counteracting or reinforcing lateral load transfer during cornering.

As previously noted, the actual magnitudes of aerodynamic forces and moments increase
quadratically with the vehicle’s velocity as opposed to their respective non-dimensional
coefficients discussed above. Hence, subsequent performance analyses will demonstrate
larger absolute effects of AALB on cornering performance in high-speed corners com-
pared to low-speed corners.
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Figure 6.26: Aerodynamic roll moment coefficients about the vehicle’s roll axis for the
tilt rear wing high-performance vehicle concept in the (a) 15L, (b) 30L, and (c) 50L
radius corners, as a function of the inside and outside operating settings of the active
aerodynamic systems. Black contour lines indicate a zero aerodynamic roll moment.
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Figure 6.27: Maximum velocity for the tilt rear wing high-performance vehicle concept
in the (a) 15L, (b) 30L, and (c) 50L radius corners, as a function of the inside and outside
operating settings of the active aerodynamic systems.

In the 50L radius corner, the maximum inside bias operating state (1,5) provides a peak
velocity of 55.73 m/s, which is approximately 6.4% higher than the minimum velocity
of 52.38 m/s at operating state (5,1) and 1.7% higher than the velocity of 54.79 m/s at
the maximum symmetric operating state (5,5). In terms of lateral acceleration, this cor-
responds to an increase of approximately 13.2% over operating state (5,1) and 3.5% over
(5,5). The maximum inside bias state generates approximately 28% less downforce and
18% less drag, enabling it to reach peak velocity while requiring around 18% less power
to overcome aerodynamic resistance compared to the maximum symmetric state.

The maximum inside bias state (1,5) achieves a peak velocity of 42.23 m/s in the 30L
radius corner, representing a 3.6% increase over the minimum velocity of 40.76 m/s at
operating state (5,1) and 1.0% over the velocity of 41.82 m/s at the maximum symmetric
state (5,5). Regarding lateral acceleration, this corresponds to a 7.3% increase over state
(5,1) and 2.0% over (5,5). Peak velocity at the maximum inside bias state is achieved with
approximately 29% less downforce and 19% less drag, reducing the power required to
overcome aerodynamic drag by around 18% compared to the maximum symmetric state.

The peak velocity of 29.36 m/s in the 15L radius corner is achieved at the maximum inside
bias operating state (1,5), providing a 1.3% improvement over the minimum velocity of
29.00 m/s at operating state (4.8,2) and a 0.2% increase over the velocity of 29.30 m/s
at the maximum symmetric operating state (5,5). In terms of lateral acceleration, this
corresponds to a 2.5% improvement over operating state (4.8,2) and 0.4% over (5,5).
The maximum inside bias state generates approximately 38% less downforce and 15%
less drag, allowing it to reach peak velocity while requiring about 15% less power to
overcome aerodynamic resistance compared to the maximum symmetric state.

The cornering performance variations arise from the differences in aerodynamic load dis-
tributions and their influence on tyre grip. Figure 6.28 presents the lateral tyre forces for
the maximum downforce symmetric (5,5) and optimal inside bias (1,5) operating states in
the SOL radius corner. In this scenario, the inside bias state reduces lateral load transfer by
approximately 2.5% relative to the symmetric state, despite achieving a higher lateral ac-
celeration. Combined with the prioritised inside downforce, this lowers the vertical load
disparity between the inside and outside tyres by about 8.5%.
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Figure 6.28: Comparison of lateral tyre forces from the tilt rear wing high-performance
vehicle concept in its maximum symmetric (5,5) and optimal inside bias (1,5) operating
states in the SOL radius corner, showing forces for (a) individual front tyres, (b) individual
rear tyres, (c) combined front tyres, and (d) combined rear tyres.

The inside tyres, which experience vertical loads of around 800-1600 N, operate in the
steep, high-sensitivity region of the vertical load curve, while the outside tyres, loaded
at about 7200-8000 N, operate near saturation, as previously outlined in Section 6.2.5.5.
Consequently, the prioritised inside downforce and reduced load transfer from the aero-
dynamic roll moment cause a net lateral force gain on the grip-limited front axle, as the
front inside tyre gains grip more rapidly than the front outside tyre loses with the vertical
load redistribution.

Although the inside bias state generates less total rear axle downforce than the maximum
downforce symmetric state, the rear inside tyre maintains nearly identical vertical load
and grip due to the asymmetric aerodynamic loading, while the rear outside tyre experi-
ences only a minor reduction, resulting in a slight decrease in total rear axle lateral force.
Yet, the inside bias state achieves a higher cornering velocity with this slightly reduced
rear axle grip because of the tilt rear wing, which not only generates downforce but also
a horizontal force component that lessens the lateral force demand on the rear tyres. As a
result, the aerodynamic balance can be biased toward enhancing lateral tyre force gener-
ation on the grip-limited front axle.

6.3.2.4 Split Rear Wing vs Tilt Rear Wing

The split rear wing and tilt rear wing high-performance vehicle concepts both aim to en-
hance cornering performance by controlling vertical tyre forces through AALB. However,
the underlying mechanisms to achieve AALB and the subsequent efficacy in improving
cornering performance differ between these concepts.

The split rear wing concept primarily influences the aerodynamic load distribution by
the amount of aerodynamic force generated vertically on either side of the vehicle. In
contrast, the tilt rear wing concept is able to generate substantial aerodynamic forces in
both vertical and horizontal directions, resulting in a range of aerodynamic roll moment
coefficients that is double that of the split rear wing concept.
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Both concepts are capable of influencing aerodynamic loads to favour downforce on the
vehicle’s inside tyres, resulting in positive aerodynamic roll moments. However, the tilt
rear wing concept provides a more desirable response to the control strategy than the
split rear wing concept. It demonstrates a more consistent transition of positive to nega-
tive aerodynamic roll moment coefficients at respective inside and outside bias operating
states across the cornering conditions. This consistency is less evident in the split rear
wing concept, due to increased flow interactions between the split elements.

The tilt rear wing concept outperforms the split rear wing concept in cornering perfor-
mance, achieving higher velocities due to its superior AALB capability. In the 50L radius
corner, it reaches approximately a 1.2% higher maximum velocity, translating to a 2.4%
increase in peak lateral acceleration, while requiring nearly 10% less downforce and 2%
less drag. Similarly, in the 30L radius corner, its maximum velocity is about 0.5% higher,
reflecting an approximate 1% gain in peak lateral acceleration, achieved with around 12%
less downforce and 2% less drag.

In the 15L radius corner, both concepts reach similar maximum velocities. However,
the split rear wing needs to operate at the maximum downforce state to reach its peak
velocity in such low-speed corners due to its limited AALB capability. In contrast, the tilt
rear wing, with its enhanced AALB capability, reaches its peak velocity at the maximum
inside bias operating state. This results in a comparable cornering velocity, but with
approximately 39% less downforce and 14% less drag.

6.4 Conclusion

This study investigated the potential of active aerodynamic load balancing (AALB) to
enhance cornering performance of high-performance vehicles. The AALB capabilities
of two vehicle concepts, featuring an active split front wing and either a split or tilt rear
wing, were analysed to assess the effectiveness of these active aerodynamic systems.

Cornering performance was evaluated using a quasi-steady static coupling of aerodynam-
ics and dynamics, incorporating CFD-obtained aerodynamic data, lateral load transfer,
and non-linear tyre behaviour to determine maximum cornering velocities. Aerodynamic
data for the high-performance vehicle concepts were obtained under representative op-
erating conditions, established through an initial performance assessment of a baseline
high-performance vehicle using wind tunnel data.

Sufficient levels of AALB were achieved by both the split rear wing and tilt rear wing
concepts to noticeably influence cornering performance. The findings supported the ini-
tial hypothesis of this study, demonstrating that inside bias operating states, intended to
promote downforce on the inside tyres and counteract effects of lateral load transfer, im-
prove cornering performance. In contrast, outside bias operating states, which favour
downforce on the outside tyres and reinforce effects of lateral load transfer, were shown
to deteriorate cornering performance.
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Performance improvements were most substantial in high-speed corners, due to the quad-
ratic increase of aerodynamic forces with the vehicle’s velocity. Optimal inside bias oper-
ating states of the split rear wing and tilt rear wing concepts reached approximately 0.5%
and 2% higher velocities in the highest-speed corner than the maximum symmetric oper-
ating states, respectively. Notably, through effectively distributing the aerodynamic loads,
the optimal inside bias operating states achieved peak velocities using less downforce and
drag compared to the maximum symmetric operating states. Consequently, the propulsion
power to overcome drag was also reduced by about 15%-20% in each cornering condition.

Comparing both high-performance vehicle concepts, the tilt rear wing outperformed the
split rear wing in terms of its ability to influence the aerodynamic load distribution and
achieving peak cornering performance. It was able to generate twice as large aerodynamic
roll moment coefficients, and exhibited a more consistent response to the control strategy
with a more direct relation between the bias of an operating state and the aerodynamic
roll moment magnitude.

The superior AALB capability was attributed to the tilt rear wing’s ability to generate both
vertical and horizontal aerodynamic force components to influence the aerodynamic bal-
ance. Conversely, the split rear wing concept was only able to influence the aerodynamic
load distribution by varying the magnitude of aerodynamic forces in the vertical direction
on either side of the vehicle. As a result, the tilt rear wing concept achieved the highest
maximum cornering velocities, while using less propulsion power to overcome drag in
each of the considered cornering conditions.

Overall, this study demonstrated the significant potential of utilising AALB through 2D
active aerodynamic systems for enhancing cornering performance. The findings offer cru-
cial insights into the underlying principles of AALB and the fundamental design mech-
anisms beneficial for effective control over aerodynamic loads. These results establish
the foundation for future work on advanced active aerodynamic solutions for enhancing
the performance and efficiency of next-generation high-performance automotive vehicles.
Explorations considering other dynamic conditions or alternative control strategies could
lead to new insights and potentially even greater performance gains, guiding the develop-
ment of advanced and efficient vehicles.

Data Availability Statement

Experimental data supporting this study are openly available from Cranfield Online Re-
search Data at: https://dspace.lib.cranfield.ac.uk/handle/1826/22438. (43)
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Chapter 7

Lap Time Performance Analysis of
Active Aerodynamics
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Abstract

This study investigates the performance potential of active aerodynamic systems on high-
performance vehicles. Static and active aerodynamic configurations, including asymmet-
rically actuated systems, are evaluated to identify performance gains and the mechanisms
driving these improvements. Vehicle performance is optimised using a minimum lap time
simulation framework, which utilises a transient vehicle dynamics model and Computa-
tional Fluid Dynamics (CFD) derived aerodynamic data. Results indicate that configu-
rations with greater aerodynamic adaptability enhance acceleration, braking, cornering,
and straight-line performance, yielding notable lap time reductions compared to a static
aerodynamic configuration. The asymmetrically controlled aerodynamic configuration
achieves the highest lap time reduction of approximately 0.92 s (0.76%) due to its abil-
ity to modulate downforce both longitudinally and laterally. Optimal control strategies
show that aerodynamic elements are actuated to balance vertical tyre load shifts resulting
from load transfer, prioritising downforce on underloaded tyres in demanding scenarios
like braking, cornering, and acceleration. Additionally, optimal design parameters for the
brake, torque, and roll stiffness distributions shifted rearward as configurations provide
greater control of aerodynamic loads on the rear axle. Overall, this research highlights
the performance advantages of active aerodynamic systems and offers insights into the
mechanisms underlying these enhancements, establishing a foundation for further inno-
vations in the field.

Keywords: Active Aerodynamics; Performance Optimisation; Minimum Lap Time; Op-
timal Control; Vehicle Dynamics; CFD
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7.1 Introduction

The pursuit of greater efficiency and performance continues to drive advancements in the
automotive industry, especially within motorsport and high-performance vehicle sectors.
Recently, active aerodynamic systems, which can dynamically adapt to a vehicle’s operat-
ing condition, have gained significant attention, highlighted by the upcoming introduction
of active aerodynamics in Formula One in 2026 (1). Such innovations not only have the
potential to provide a competitive edge on the track, but also pave the way for future
trends in automotive engineering.

This study explores the performance potential of active aerodynamic systems on high-
performance vehicles. It evaluates static and active aerodynamic setups, including a con-
figuration with asymmetric aerodynamic control capabilities, to determine performance
enhancements and the underlying mechanisms driving these gains. The vehicle perfor-
mance of each aerodynamic configuration is optimised using a comprehensive simulation
framework, based on a detailed vehicle dynamics model and representative aerodynamic
data, which minimises lap time by optimising the vehicle’s trajectory, control inputs, and
parameter combinations.

The performance analyses of various aerodynamic configurations require coupling of the
vehicle’s aerodynamics and dynamics. Among commonly used methods, quasi-steady
static coupling, which utilises steady-state Computational Fluid Dynamics (CFD) data,
is generally considered the most cost-effective for studies on passenger-sized vehicles
(2,3,4,5). This is also reflected by research on the influence of aerodynamic systems on
vehicle handling, which has predominantly used quasi-steady static coupling.

Such studies have shown that aerodynamic devices positioned near a vehicle’s front and
rear axles can influence understeer and oversteer behaviour, thereby enhancing stability
during dynamic manoeuvres (6, 7). When combined with an effective control strategy
that balanced aerodynamic loads according to mechanical grip, these systems reduced lap
times by approximately 3% (8). Additionally, studies on rear wings functioning as air
brakes demonstrated improvements in stability during braking events and reductions in
braking distance by over 6%, particularly at higher speeds (9, 10, 11).

Research on asymmetric active aerodynamic systems has also shown promising results.
Studies on split wings, which can vary the angle of attack between the left- and right-
side elements, demonstrated lateral downforce variations of 25%-60%, depending on the
wing design (12, 13). By prioritising downforce on the inside tyres during cornering,
these systems enhanced lateral stability during evasive manoeuvres, improved cornering
velocity, and reduced lap times when paired with an effective control strategy (14, 15, 16,
17). These improvements became more pronounced at higher speeds and were further
enhanced by an effective longitudinal downforce distribution.

Previous work on asymmetric active aerodynamic systems has highlighted the potential of
tilt wings, which can laterally redistribute downforce and generate a centripetal force (18).
Road tests showed that vehicles with tilt rear wings achieved a 13% higher cornering
velocity compared to those without aerodynamic devices (19).
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Additionally, a comparative study found that split and tilt wings increased cornering ve-
locity by 0.5% and 2%, respectively, compared to conventional symmetric high down-
force setups (20). The tilt wing outperformed the split rear wing due to its greater ability
to influence vertical tyre loads, generate a centripetal force, and provide a more consistent
response to control strategies.

The studies reviewed above have mainly relied on steady-state limit handling analyses
in specific driving scenarios to investigate the impact of aerodynamic systems on vehicle
performance. Other investigations have employed minimum lap time simulations, formu-
lated as an Optimal Control Problem (OCP), aimed at minimising lap time by optimising
control inputs while adhering to track constraints and vehicle performance limits (21, 22).
Such simulations can provide a comprehensive view of vehicle performance, offering
detailed insights into optimal driver inputs, racing lines, control of active systems, and
vehicle design parameters.

Minimum lap time simulations with varying complexities in trajectory planning and dy-
namics modelling have effectively been used in prior studies to evaluate vehicle perfor-
mance (23, 24, 25, 26, 27). Findings on conventional aerodynamics indicated that lap
times varied by nearly 2% depending on the aerodynamic balance position, with a hypo-
thetical variable aerodynamic balance providing an approximate 0.3% improvement over
an optimised static balance (28, 29). Studies on static and active aerodynamic systems,
combined with various propulsion configurations, demonstrated lap time improvements
of about 0.7%-1% and showed how the aerodynamic systems were actuated to achieve
these enhancements (30, 31).

Overall, the literature has highlighted the potential of active aerodynamic systems to en-
hance vehicle performance and stability, particularly in braking and cornering. However,
existing research has largely relied on steady-state limit handling analyses, minimum lap
time simulations with fixed-trajectory planning or quasi-steady-state dynamics, and sim-
plified aerodynamic models. This leaves a significant gap in understanding the perfor-
mance potential and underlying mechanisms driving the enhancements of more advanced
active aerodynamic systems on high-performance vehicles, especially through a compre-
hensive free-trajectory and transient dynamics minimum lap time simulation approach.

This study addresses this gap by analysing static and active aerodynamic configurations,
including a setup with asymmetric control capabilities designed to influence aerodynamic
balance both longitudinally and laterally. The performance of each aerodynamic config-
uration is assessed over a lap around the Circuit de Barcelona-Catalunya, which encom-
passes a wide range of driving scenarios. Vehicle performance is optimised through a lap
time simulation framework that leverages a detailed vehicle dynamics model and CFD-
derived aerodynamic data, aiming to minimise lap time by simultaneously optimising the
vehicle’s trajectory, control inputs, and design parameters. Through comprehensive in-
vestigations, this study provides detailed insights into the performance gains provided by
the active aerodynamic systems, their optimal control strategies to realise these enhance-
ments, and shifts in optimised design parameters in response to these systems.
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7.2 Methodology

7.2.1 Vehicle Geometry

This study utilises a high-performance vehicle concept, based on the DrivAer hp-F (32), a
high-performance variant of the DrivAer Fastback automotive reference model (33). This
high-performance vehicle concept, as introduced in Chapter 6 (20), has forebody strakes,
a smooth underbody, a 10° multichannel diffuser, and is equipped with an active split
front wing and tilt rear wing. The left and right front wing elements can vary their angle
of attack between 0° and 10°. The rear wing can adjust its angle of attack between 0° and
30°, and its tilt angle by + 12°. The high-performance vehicle concept is illustrated in
Figure 7.1 and its main dimensions are listed in Table 7.2.

Four aerodynamic configurations, each based on this vehicle geometry, are examined to
assess the impact of varying levels of aerodynamic adaptability on vehicle performance.
The first configuration is classified as ‘static’, featuring a front and rear wing with fixed
angular settings, which serves as a baseline for comparison. The second configuration
maintains a fixed front wing angle while introducing active control of the rear wing angle,
whereas the third configuration enables active control over both the front and rear wing
angles. Through these active control capabilities, the second and third configurations can
influence aerodynamic balance longitudinally.

Finally, the fourth configuration allows independent active control of the left and right
front wing angles, as well as active control of the rear wing’s angle of attack and tilt
angle. This asymmetric actuation functionality enables modulation of the aerodynamic
balance both longitudinally and laterally, which is therefore classified as a ‘2D active
aerodynamic system’.

Figure 7.1: Illustration of the high-performance vehicle concept featuring an active split
front wing and active tilt rear wing. The aerodynamic systems are displayed in an asym-
metric operating setting to illustrate the design.
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7.2.2 Computational Fluid Dynamics Simulations

The vehicle’s aerodynamic performance data is obtained through CFD simulations, which
adopt the authors’ well-established methodology used in Chapters 5 and 6 (34, 20). This
methodology is founded on a comprehensive grid convergence study, turbulence model
evaluation, and extensive validation with wind tunnel data and high-fidelity Delayed De-
tached Eddy Simulations (DDES) using a wall-resolved mesh with a y* < 1, as presented
in Chapter 2 (35).

The methodology has demonstrated its effectiveness across multiple aerodynamic studies
on high-performance vehicles in diverse operating conditions (20, 34, 36, 37), offering a
good balance between computational efficiency and solution fidelity. This study presents
the essential details of this methodology with respect to the specification of the computa-
tional domain, meshing strategy, and solving method, with further details available in the
referenced works.

7.2.2.1 Domain and Boundary Conditions

The vehicle is simulated within a rectangular computational domain, illustrated in
Figure 7.2. It features a velocity-inlet 3 car-lengths (L) upstream and a pressure-outlet
SL downstream of the vehicle, following modelling guidelines for automotive aerody-
namics (38). Side and top walls, positioned 1.5L from the vehicle, are assigned symmetry
conditions to prevent boundary layer growth. Moving ground and wheel rotation veloci-
ties, listed along with other simulation settings in Table 7.1, match the freestream velocity
of 29 m/s, equivalent to a Reynolds number of 8.88 x 10°. Turbulence conditions follow
on-road measurements (39), ensuring representative operating conditions.

7.2.2.2 Mesh

The overset mesh approach used in Chapters 5 and 6 (34, 20) is deployed to construct
the computational domain with individual unstructured poly-hexcore meshes in ANSYS
Fluent Meshing. This method interpolates data in overlapping mesh regions, enabling
targeted transformations of aerodynamic device component meshes without needing to
re-mesh the entire domain.

] ntet
[[] outet

Figure 7.2: Illustration of the computational domain.
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Table 7.1: Overview of the CFD simulation settings.

Setting Value Unit
Inlet & Outlet
Velocity-inlet 29 m/s
Turbulent intensity 4 %
Turbulent length scale 25 m
Pressure-outlet 0 Pa
Moving walls
Ground plane, translational 29 m/s
Wheels, rotational 91.3 rad/s
Air properties
Density 1.204 kg/m?
Dynamic viscosity 1.813e-5 kg/(m-s)
Temperature 293 K

Mesh settings include a base and vehicle surface element size of approximately 7.25%
and 0.45% of the vehicle’s length, respectively. To enhance resolution on aerodynamic
devices and small geometric features, surface elements are locally refined by over 80%. A
medium near-wall treatment with a y™ range of 120-150 and 4-6 inflation layers is applied,
adhering to ANSYS Fluent’s (40) recommended range for the selected turbulence model.
Additionally, refinement zones are included to improve resolution in the vehicle’s near-
field and wake regions. The final mesh, shown in Figure 7.3, consists of approximately
23.9 million cells, with over 99% achieving an orthogonal quality above 0.7.

7.2.2.3 Solve

Reynolds-Averaged Navier-Stokes (RANS) simulations are conducted using the k- SST
turbulence model (41) in ANSYS Fluent, solving the continuity, momentum, and trans-
port equations for turbulent kinetic energy and specific dissipation rate. Pressure-velocity
coupling uses the coupled scheme, with gradients computed via the least-squares cell-
based method. Pressure is discretised using a second-order scheme, while momentum
and turbulence transport equations are solved with a second-order upwind scheme.

Element Size (mm)

0 85 170 255 340

Figure 7.3: Element sizes near the vehicle, shown using a slice at y = 0 (symmetry).
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Convergence is evaluated by monitoring the moving means of lift, drag, and side force
coefficients, which typically stabilised within 200 iterations. Residuals are monitored to
ensure numerical stability, with continuity, turbulent kinetic energy, and specific dissipa-
tion rate residuals stabilising below 1 x 1072, and x-, y-, and z-velocity residuals below
1 x 10~° within the first 200 iterations. Each simulation therefore runs for 750 iterations,
averaging data over the final 450 iterations. Simulations are performed on two AMD
EPYC 7543 processor nodes, utilising 128 cores, with an average runtime of 5 hours per
simulation.

7.2.2.4 Aerodynamic Systems Interdependencies

Prior to executing the full simulation set for all wing angle combinations, an initial in-
terdependency analysis assesses whether the front wing angle oFw (deg), rear wing an-
gle ogw (deg), and rear wing tilt angle arw (deg) independently influence aerodynamic
performance. Simulations at minimum, median, and maximum angles are performed to
create a combination space. Interdependencies are quantified using the mean absolute
deviation (MAD) of combination sweeps relative to single-parameter sweeps with other
parameters set to zero.

The aerodynamic effects of each parameter are shown in Figure 7.4, with shaded bars
indicating the maximum MAD. MAD values for lift, drag, and side forces remain below
1.5%, 0.5%, and 10% of their respective maximum force coefficients, though their ab-
solute magnitudes are of similar scale. Treating the aerodynamic inputs as independent
variables introduces an average absolute force coefficient uncertainty of 5 x 1073, less
than 1% of the vehicle’s maximum force coefficient, while reducing the required simu-
lations by over 97% from 1331 to 33 when sampled at finer one-tenth intervals of each
parameter’s maximum angle. This approach streamlines the computational process while
preserving key aerodynamic effects, aligning with the study’s objectives.

0.2
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Figure 7.4: Influence of front wing angle, rear wing angle, and rear wing tilt on the
vehicle’s lift, drag, and side force coefficients. Shaded bars represent the mean absolute
deviation (MAD), indicating the degree of parameter interdependence.
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7.2.3 Vehicle Model

This study employs a seven degree-of-freedom planar vehicle model, illustrated in
Figure 7.5, to simulate the impact of active aerodynamic systems on vehicle performance,
building on established mathematical formulations (30, 42). The model incorporates both
longitudinal and lateral load transfer, along with non-linear tyre characteristics, which are
essential for capturing the strong relation between aerodynamic loads and tyre force gen-
eration. Table 7.2 provides an overview of the fixed vehicle parameters used in the model,
which are based on the vehicle’s geometry and representative specifications for sports and
racing vehicles from Dixon (43).

Trajectory tracking is performed in a curvilinear coordinate system to align with the op-
timisation framework that will be discussed in Section 7.2.4. The vehicle’s position is
expressed in terms of its travelled distance along the track’s centre line s (m), the distance
perpendicular to the track’s centre line n (m), and the angle relative to the track’s centre
line tangent € (rad), as expressed by Egs. (7.1)-(7.3). Here, ¢ (s) denotes time, K (m~1) the
curvature of the track’s centre line, v, (m/s) the vehicle’s longitudinal velocity, vy (m/s)
the vehicle’s lateral velocity, and r (rad/s) the vehicle’s yaw rate.

d VxCos(€) — vysin(€)

o= 1
dr’ 1 —nk .h
d .
P sin(€) 4 vycos(€) (7.2)
d d
EE =r— KES (73)
Fyn
1 F\‘,//

rl Vi .
! $—> Vx
Fl',l‘l' VK ' F\}f)'

Fo %
A = 4 .
F\',rr
ai Vir
l I;
< / >

Figure 7.5: Schematic illustration of the vehicle model.
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Table 7.2: Overview of the vehicle parameters.

Parameter Value Unit Description

L 4613 m Length

w 1.792 m Width

H 1.397 m Height

Aref 2.160 m? Frontal area

ho 0.130 m Ride height

m 1565 kg Total mass

myg 1375 kg Sprung mass

My, 9 kg Front unsprung mass

My, r 100 kg Rear unsprung mass

I, 1450 kgm?  Yaw moment of inertia

) 2786 m Wheelbase

Iy 1.393 m Distance between front axle and COG
I, 1.393 m Distance between rear axle and COG
ty 1.520 m Track width

hcog 0.500 m Height of COG

hu,f 0.297 m Height of front unsprung mass

My r 0297 m Height of rear unsprung mass

hy 0.070 m Height of front roll centre

hy 0.110 m Height of rear roll centre

hrw 1.280 m Height of rear wing

d 0410 m Distance between COG and roll axis
R, 0314 m Wheel radius

I, 0.9 kgm?  Wheel rotational inertia

kg 1.146x10° Nm/rad Total roll stiffness

P, max 456 kW Maximum electric motor power

1% max 602 Nm Maximum electric motor torque

Qe max 17750 RPM Maximum electric motor speed

Ye 7.252 - Final gear ratio

Section 7.2.4 will motivate the use of travelled distance as the independent variable in
the optimisation simulations, replacing time to reduce computational complexity and en-
hance efficiency. Following the methodology by Casanova (21), time-dependent equa-
tions are transformed into distance-dependent formulations by introducing the scaling
factor S, which represents the inverse (dt/ds) of Eq. (7.1). This transformation, applied
in Egs. (7.4) and (7.5), ensures that the equations remain consistent within the distance-
based optimisation framework.

d .

5= (vx sin(€) +v, cos(s)) Sy (7.4)
d
%eszr—K (7.5)
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The vehicle’s equations of motion, expressed as a function of travelled distance, are de-
scribed by Egs. (7.6)-(7.8). Throughout these equations, subscripts are used to denote
specific components, where k represents the longitudinal (x), lateral (y), or vertical (z)
direction, i specifies the front (f) or rear (r) axle location, and j indicates the left (/) or
right (r) wheel position.

In these equations, F ;; (N) denotes the tyre forces, 0 (rad) the steering angle, m (kg) the
vehicle’s total mass, Fi (N) the rolling resistance force, and I, (kg m?) the yaw moment
of inertia. The parameter /; (m) defines the distance from each axle to the centre of
gravity (COG) and ¢,, (m) the vehicle’s track width. Additionally, Fp (N) represents the
total aerodynamic drag force opposing the vehicle’s motion, while Fy (N) and Fg; (N)
correspond to the total aerodynamic side force and its components acting on the front and
rear axles, with their positive direction matching that of the lateral tyre forces.

d

vy = {(F 1+ Fepr)cos(8) — (Fy py + Fy f) sin(8)

S
+ Fept + Fepr +mvyr — Fp — FR} = (7.6)
d .
o0 = | B+ Fypr) 008(8) + (Fr g1 + Fr.pr) sin(8)
Sy
+Fy i+ Fypr —mvxr+ Fy m (7.7)
d .
or = | ((Fegi+ Fupr) sin(8) + (Fy i+ By ) cos(8) + Fy ) Iy
b
- (Fy,rl + Fy,rr + FS,r) lr + <Fx,rr - Fx,rl> 3
) ty Sf
+ ((Fegr = Fui)cos(8) + (B — Fyr)sin(8) ) o | 2 (7.8)
Z

Wheel dynamics are expressed by Eq. (7.9), where €;; (rad/s) represents the wheel’s an-
gular velocity, T;; (Nm) the applied wheel torque, R,, (m) the wheel radius, and /,, (kg m?)
the wheel’s rotational inertia.

d Sy
7.5 = (Tij _Fx7inw>E (7.9)

7.2.3.1 Tyres

The longitudinal and lateral tyre forces are dependent on the vertical forces acting on the
tyres. These vertical loads are described by Eq. (7.10), where the first term represents the
static weight distribution, with g (m/s?) denoting the gravitational acceleration, m,, ; (kg)
the unsprung masses, m; (kg) the sprung mass, and / (m) the wheelbase length.
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Additionally, Fy ;; (N) indicates the aerodynamic lift force acting on each individual
wheel, and I'y ;; (N) and I'y,;; (N) denote the components of longitudinal and lateral load
transfer experienced by each individual wheel.

1

l.
Fij= 78 (mu,i +m571> S UATE=S BT B (7.10)

The longitudinal and lateral tyre forces are modelled using the Pacejka 96 model (44), as
expressed by Egs. (7.11) and (7.12). The Pacejka coefficients, derived from 250/570R13
Avon British F3 tyre data at 0° camber (45), are detailed in Table 7.3.

Fij = Dyjjsin [Cx tan~! {Bx sij — Ex (Bxs,-j —tan"! (Bxs,-j)) }} (7.11)

Fyij = Dy sin {Cy tan~" {B, o — E, (B, o — tan~" (B, ayy) }] (7.12)

The peak value Dy ;; (-) is dependent on the tyre’s friction coefficient y;; (-), which are
both load dependent as described by Eqs. (7.13) and (7.14). Here, g (-) denotes the tyre’s
coefficient of friction at the nominal vertical wheel load F,o (N), and Pp; (-) represents
the Pacejka coefficient for variation of friction with load.

Dy ij = Wij F. ij (7.13)
F.ij— Fy
My,ij = Mo+ Ppa %OZ (7.14)
Z

The longitudinal and lateral forces produced by each tyre are dependent on the slip ratio
sij (-) and slip angle ;; (rad), described by Eqgs. (7.15)-(7.17). Here, v;; (m/s) denotes the
effective velocity of the tyre and is expressed by Eq. (7.18).

)

ayj=8—tan”! (—r f+‘;y) (7.15)

vxj:r%
o, ; = tan 7.16
" (wd:r%) ( )

ROy
V,’j
2 tw 2

vi; = cos(ay;) (vyirl,-> n <vxj:r5> (7.18)

Finally, the rolling resistance is modelled using a constant road friction coefficient Cy (-)
and the vehicle’s total vertical load, as expressed by Eq. (7.19), incorporating aerody-
namic load effects on rolling resistance.

Fr = Cf (Fz.,fl +Fz7fr +Fz,rl +Fz,rr) (7.19)
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Table 7.3: Overview of the tyre model coefficients.

Coefficient Value Description

Fy 4905 Nominal Load (N)

Uo 1.41  Friction coefficient

Ppo -0.6 Variation of friction with load
B, 6 Stiffness factor, longitudinal
Cy 2.3 Shape factor, longitudinal

E, 0.9 Curvature factor, longitudinal
B, 6 Stiffness factor, lateral

Cy 2.5 Shape factor, lateral

Ey 0.5 Curvature factor, lateral

7.2.3.2 Load Transfer

Longitudinal and lateral load transfer occur due to inertial forces which resist the traction
forces produced by the tyres. These inertial forces act at the centre of gravity height
hcog (m), creating an overturning moment that causes load transfer. The total longitudinal
load transfer I, (N) is described by Eq. (7.20), where the nominal drag force FD0 (N),
which represents the vehicle’s drag without any aerodynamic device actuation, is also
assumed to act at the centre of gravity height. Section 7.3.1 will discuss that additional
drag from the aerodynamic systems F;)*® (N) is primarily produced by the rear wing and
therefore assumed to act at the rear wing height /gy (m). The longitudinal load transfer
experienced by each wheel is modelled as half of the total transferred load.

L= [(Fx,fl + Fy pr) c0s(8) — (Fy s1 + Fy,fr) sin(6)

h h
‘?G+E?W§ﬂ (7.20)

+Fx,rl+Fx,rr+FD0:|

The total lateral load transfer I'y (N) is expressed by Eq. (7.21). Similar to drag, aero-
dynamic side force Fgs (N) is predominantly generated by the rear wing and is therefore
assumed to act at the rear wing height.

r,= {(Fx,ﬂ +Fy fr)sin(6) + (Fy 1 + Fy,pr) cos(6)

+@ﬁ+&4 +F—— (7.21)

The distribution of lateral load transfer across the front and rear axles is expressed by
Eqs. (7.22)-(7.24), where Cr; (-) denotes the axle-specific fraction of total lateral load
transfer. The equations consider contributions from the unsprung masses, the sprung mass
via the suspension links, and the roll couple of the sprung mass through the springs. It
depends on vehicle parameters such as unsprung mass heights %, ; (m), roll centre heights
h; (m), and the distance between the COG and the roll axis d (m).
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While most of these parameters have limited modifiability due to inherent design con-
straints, the roll stiffness distribution ¥ " (-), which defines the fraction of total roll stiff-
ness ky (Nm/rad) at the rear axle, offers some tunability.

Cry,i

= 2 (7.22)

" Cryy +Cryr

M piy ¢ Lok (1 =% ) ko ms(=pza)
Cry’f: Jm 7f_{_ r fms+ o ky—msgd (7.23)
d
h I¢h Veo Ko M (r—pea)

CFY,r: u,rmu,r+ i rms+ ¢ ky—mggd (7.24)

tw Ity tw

7.2.3.3 Aerodynamics

The aerodynamic performance of the vehicle equipped with active aerodynamic systems
is obtained from CFD simulations, as described in Section 7.2.2, and incorporated into
the optimisation framework using polynomial functions. These functions describe the
influence of each aerodynamic control input on both the magnitude and distribution of
aerodynamic loads acting on the vehicle. Specifically, the effects on key aerodynamic
force components, including lift at the front Cy, fon (-) and rear wheels Cp rear (-), lift at
the left Cp jefe () and right wheels Cp rone (-), side force at the front Cg frone (-) and rear
axles Cg rear (-), and total drag Cp (-), are expressed using polynomial formulations.

Eq. (7.25) provides a general formulation for the effect of an aerodynamic element on a
given force component coefficient ACy;, (-), as a function of its operating angle a, (deg).
The aerodynamic elements are indexed by w € {FW-L, FW-R, RW, TW}, correspond-
ing to the left front wing angle, right front wing angle, rear wing angle, and rear wing
tilt. The aerodynamic lift, drag, and side forces are represented by u € {L,D,S}, while
v € {front, rear, left, right} specifies the force distribution location. The polynomial co-
efficients P}, (¢) (-) define the aerodynamic response, £ (-) indexes the polynomial terms,
and N,/,, (-) denotes the polynomial order. The polynomial coefficients for each aerody-
namic element’s influence on the respective force components are detailed in Table 7.4.

N,;fv
Acy, =Y Pr.(0) ol (7.25)
/=1

The combined aerodynamic force component coefficients C,, (-) are successively ob-
tained by summing the individual effects from all active aerodynamic elements with the
vehicle’s nominal coefficients CB’V (-), which represent the aerodynamic characteristics
without any system actuation, as described in Eq. (7.26).

Cuv =+ ACE L ACEY 4 ACKY + AT 720
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Table 7.4: Overview of the aerodynamic relationship coefficients.

Coefficient  Cpfront  CL rear Criett  CLright Cp Cs front  Cs rear
cy, -0.188  -0.103  -0.146  -0.146  0.346 0 0
PIVE(1)  9.75e-3  1.58e-3  -8.17e-3 0 0 0 0
PIVR(1)  -9.75¢-3  1.58e-3 0 -8.17e-3 0 0 0
PRV (1) 3.79¢-3  -2.18¢-2 -9.0le-3 -9.0le3 2.90e3 0 0
PV (2) -1.94e-4 1.11e-3 4324 4324 787e-5 0 0
PRV (3) 431le-6 1.56e-5 9.95e-6 9.95e-6 0 0 0
PRV (4) 0 -2.75e-6 -1.37e-6 -1.37e-6 0 0 0
PRV (5) 0 4.92e-8 2.46e-8 2.46e-8 0 0 0
PV (1) 0 -7.10e-5 4.30e-3  -4.30e-3 0 0  7.19-3
PIWV(2) 0 0 3.55e-5 3.55e-5 0 0 0

The total aerodynamic force coefficients are subsequently determined by summing the
relevant component contributions, as exemplified for lift in Eq. (7.27).

(L= CL,front + CL,rear (7-27)

Given the critical role of aerodynamic loads in tyre force generation, lift coefficients are
formulated for each wheel to enable direct integration with the vertical tyre load for-
mulation in the vehicle dynamics model. The distribution is determined based on the
side-specific lift contributions previously established. Eq. (7.28) describes this process
for the front left wheel, with analogous expressions for the front right, rear left, and rear
right wheels.

CL et
CLrL = CLiom = (7.28)
L

Finally, the aerodynamic forces F,, (N) acting on the vehicle are computed using
Eq. (7.29), where p (kg/m3) is the air density, At (m?) the vehicle’s reference frontal
area, and v, (m/s) the longitudinal velocity.

1
F., = Epcu,vArefvx2 (7.29)
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7.2.3.4 Powertrain

The powertrain is modelled as an electric motor unit coupled with a single-speed trans-
mission and a central differential, enabling torque distribution between the front and rear
axles for four-wheel drive capability. Performance metrics are derived from an existing
motorsport electric propulsion system (46), with a maximum continuous power output
of P, max = 456 kW, a maximum continuous torque output of 7, max = 602 Nm, and a
maximum motor speed of Q, nax = 17750 RPM.

The electric motor torque 7, (Nm) is used to determine the individual wheel torques, as
expressed by Eqgs. (7.30) and (7.31). Here, yr (-) denotes the fixed torque distribution,
defining the fraction of total torque directed to the rear axle, and ¥, (-) represents the final
gear ratio. Additionally, 7}, (Nm) represents the total brake torque applied across all four
wheels and ¥, (-) the fixed brake balance, defining the fraction of total braking torque
directed to the front wheels.

((1 — 1) T 7g+Tbn> (7.30)

| —

Tyj=

1
Ty=5 (Wl +T,(1-m)) (7.31)

7.2.4 Optimisation Framework

This study utilises an optimisation framework developed by Jiménez et al. (30), which
aims to minimise lap time by optimising the vehicle’s trajectory, control inputs, and se-
lected design parameters while adhering to track constraints and vehicle performance
limitations. This Minimum Lap Time Problem (MLTP) is formulated as an Optimal Con-
trol Problem (OCP) and transformed into a Non-Linear Program (NLP) using direct or-
thogonal collocation. A brief overview is provided here, with a more comprehensive
explanation available in the work by Jiménez et al (30).

7.2.4.1 Optimal Control Problem

The OCP is formulated to optimise the vehicle states x, control inputs u, auxiliary vari-
ables y and selected vehicle design parameters p to minimise total lap time. The distance
travelled along the track is used as the independent variable, a method successfully applied
in prior studies (21, 28, 42), which maintains an explicit connection to the track position
and reduces computational complexity by lowering the problem’s dimensionality.

The objective function, expressed by Eq. (7.32), is constrained by Eqgs. (7.33)-(7.35),
with the optimisation variables specified in Eq. (7.36). The start and finish positions are
denoted by so and sy. The vector function f describes the vehicle’s dynamics through
Egs. (7.4)-(7.9), which are enforced as constraints to ensure accurate simulation of the
vehicle’s performance. The vector function h defines constraints on the optimisation vari-
ables through bounds and additional constraints defined by Eqs. (7.37)-(7.42). Initial and
final states are described by b, used to define the vehicle’s starting and finishing condi-
tions.
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Minimise o
J:/ S; (x(s),u(s),y(s),p) ds (7.32)
50
Subject to
d
~x= f(x(s),u(s),y(s), p> (7.33)
h(x(5),u(s),3(5), p) <0 (7.34)
b(x(so),x(Sf)> —0 (7.35)
With o ) )
Vx 1,
e gb Yo
x=|" |, u= — ,y:{ll:x},andp: Yr (7.36)
n FW(-j) y %
€ ORW ¢
[€2) | orw |

Limitations on the maximum electric motor power and angular velocity are incorporated
through Eqs. (7.37) and (7.38), while Eq. (7.39) prevents simultaneous application of
drive and brake torque control inputs, avoiding unrealistic driving scenarios. Tyre grip
is constrained by a friction circle model with a uniform friction coefficient in both lon-
gitudinal and lateral directions, as expressed by Eq. (7.40), ensuring tyre forces remain
within the available grip. Finally, longitudinal and lateral load transfer are incorporated
as auxiliary variables through equality constraints given by Egs. (7.41) and (7.42).

Qe T, — Popax <0 (7.37)

Qe — Q¢ pax <0 (7.38)

T.T,=0 (7.39)

Feif” + Byiy” H;”z i <0 (7.40)
F.ij

I K(Fx,ﬂ | Fopy)cos(8) — (Fy i+ Fypy)sin(8) + Fr

h h
+Fepyr +F,§’) % + Fge“’%] =0 (7.41)

Fy - {((qufl +Fx,fr) Sin(5) + (Rj’fl +Fy,fr) COS(5)

h h
+ F)Grl + Fy,rr) C;OG + FS%} =0 (7.42)

w w
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7.2.4.2 Non-Linear Programming

The continuous-time OCP is discretised and transcribed into a NLP problem using di-
rect orthogonal collocation to enable numerical optimisation. This involves dividing the
track into N segments, each of length ds; (m). Within each segment s;, the states are
approximated using Legendre polynomials of degree d, where collocation points sy ;,
with j = {1,...,d}, are selected at the roots of these polynomials. Collocation constraints
are enforced at each collocation point, matching the polynomial derivatives of the ap-
proximated states to equations governing the vehicle’s dynamics. This ensures that the
approximated vehicle trajectory evolves according to its modelled dynamic behaviour.

The objective function is evaluated at the collocation points within each track segment,
defined by the vector function Sy = [Sy(sk1),...,S¢(skq)]. The contribution of each
track segment is weighted by B, ensuring that the integral of the objective function over
the entire track is accurately approximated. These weighted contributions are summed
across all track segments to provide the NLP formulation of the objective function, as
expressed by the first term in Eq. (7.43).

N
J=Y BS;ds +Z (rmAPU)* + Y (rmATYe)? (7.43)
k=1 ~~ o

regularisation

To ensure realistic and feasible solutions, additional constraints and regularisation terms
are introduced. Physical limitations of control inputs are enforced through rate limits,
preventing unrealistic steering inputs and reflecting system response times. Regularisation
terms are incorporated in the objective function to promote more practical solutions by
penalising the sum of squares of specific discrete control inputs Uy, auxiliary variables Yy,
and their m-th derivatives at each track segment A}'. The regularisation weight factors r,
allow adjustment of each term’s influence in the optimisation process.

7.2.4.3 Setup

The minimum lap time simulations are performed on the Circuit de Barcelona-Catalunya,
a track known for its combination of high-speed straights and technical corners, making
it ideal for comprehensive vehicle performance evaluations. As the track serves solely as
a representative case encompassing diverse driving scenarios for the comparative assess-
ment of different aerodynamic configurations, track-specific features such as elevation
changes are not included.

The NLP problem is formulated using the automatic differentiation framework CasADi
and solved in MATLAB using the IPOPT algorithm with an optimality tolerance of
1x107° and constraint violation tolerances of 1x10~*. Based on grid convergence data
presented in Figure 7.6, a discretisation step size of 10 m is selected, achieving a relative
lap time error of approximately 0.01% compared to the smallest step size tested, while
reducing computational time by over 23%. Following the work of Jiménez et al. (30), 3rd
order Legendre polynomials are used to approximate the states within each track segment.
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Figure 7.6: Lap time and computation time as a function of the discretisation step size.

Control input rate limits and regularisation weight factors used to ensure practical solu-
tions are detailed in Table 7.5. The rate limits reflect system and driver response times,
with aerodynamic systems specifically constrained based on reported response times of
approximately 0.5 s in existing high-performance active aerodynamic systems. Further-
more, the regularisation factors are carefully tuned to suppress high-frequency oscillations
in the control inputs, ensuring smoother actuation. This prevents excessive corrections
and allows clearer trends in the control strategies, supporting the consistency and inter-
pretability of the findings in this study.

Table 7.5: Overview of the rate limits and regularisation weight factors for control inputs

and auxiliary variables used for the performance optimisation simulations.

Rate limits Regularisation

Parameter Symbol

Lower Upper ro o n
Drive torque T, -2e4 Nm/s 2e4 Nm/s 0 0 O
Brake torque 15 -2e4 Nm/s  2e4 Nm/s 0 0 O
Steering angle 0 -0.1rad/s 0.1 rad/s 0 10 15
Front wing angle Orw -20 deg/s 20 deg/s 0 0 03
Rear wing angle QRrw -60 deg/s 60 deg/s 0 0 09
Rear wing tilt oarw -24 deg/s 24deg/s 0.005 O 04
Longitudinal load T, i i 0 0 1
transfer
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7.3 Results and Discussion

The analyses begin with an assessment of the influence of each aerodynamic element on
the vehicle’s aerodynamic performance. Following this, the general performance of each
configuration is analysed using lap time results, and areas of performance gains are iden-
tified using more detailed performance data. The subsequent section provides an in-depth
analysis of the optimal control strategies for each aerodynamic system, offering insights
into how these elements are controlled to realise the observed performance improvements.
Finally, changes in optimised key vehicle design parameters are assessed to explore how
these parameters shift in response to different aerodynamic configurations.

7.3.1 Aerodynamic Performance

The simulated aerodynamic data, which represent the effects of each aerodynamic ele-
ment, along with the associated fitted functions used for implementation into the opti-
misation framework, are presented in Figure 7.7. The left and right front wing elements
individually enhance front axle downforce by a maximum of approximately ACy, ~ -0.10
across their angle of attack range, and affect the downforce on their respective sides of
the vehicle by over ACy, ~ -0.08. Each element also creates a minor reduction in rear axle
downforce, up to approximately ACy, ~ 0.02. Furthermore, the front wing elements have
negligible effects on drag and downforce on their respective opposite side of the vehicle.

The rear wing exerts the most significant influence on aerodynamic performance. Across
its angle of attack range, it increases rear axle downforce by an approximate maximum of
ACL =~ -0.31 but also reduces front axle downforce by over ACy, ~ 0.05. The rear wing’s
symmetric configuration results in equal downforce distribution across the left and right
sides of the vehicle. Notably, the rear wing exhibits two downforce gain regions, where
initial enhancements plateau at the stall angle between 10°-15°, then rise further due to
upstream pressurisation at higher angles, aligning with prior experimental findings (34).
Additionally, the rear wing increases drag by nearly ACp ~ 0.16 across its angle of attack
range, with drag exhibiting a slight quadratic increase.

The rear wing tilt angle provides an additional layer of control by redistributing down-
force laterally. Elevating one side of the wing increases downforce on that side by nearly
ACL, =~ -0.05, while decreasing it by almost ACp., ~ 0.06 on the opposite side, resulting
in a slight overall downforce reduction. The tilted rear wing also generates a side force
primarily acting at the rear of the vehicle, directed toward the elevated side, and peaking
at nearly ACg ~ £0.09. Additionally, the tilt angle has minimal impact on front axle
downforce and overall drag.

Building on the analysis of the individual effects of each aerodynamic element, the focus
now shifts to assessing the vehicle’s overall aerodynamic performance. The combined
aerodynamic impact of symmetric front wing and rear wing angle of attack actuation, as
presented in Figure 7.8, provides insight into the baseline aerodynamic characteristics of
the vehicle. For improved visibility, the downforce coefficient is used in this figure instead
of the lift coefficient.
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Figure 7.7: Simulated aerodynamic data and corresponding fitted functions illustrating
the influence of (a) left front wing element angle of attack, (b) right front wing element
angle of attack, (c) rear wing angle of attack, and (d) rear wing tilt angle on the vehicle’s
aerodynamic performance.

At minimum front and rear wing angles, the vehicle produces a baseline lift coefficient of
CL ~ -0.29 and a drag coefficient of Cp ~ 0.35. As the angles increase, the rear wing’s
previously observed two-stage downforce enhancement regions become apparent, while
the front wing contributes more linearly to the total downforce. Across their operating
ranges, the rear wing increases the base downforce level by ACp, ~ -0.26 (+89%) and the
front wing by ACp, =~ -0.16 (+56%). Together, the wings enhance downforce by a total of
ACL ~ -0.42 (+145%) to reach the maximum lift coefficient of C, =~ -0.71.

The downforce distribution, representing the fraction of downforce on the rear axle, starts
at approximately 0.35 at the minimum wing angles, indicating a forward bias. Max-
imising the rear wing angle while minimising the front wing angle shifts the distribution
rearward to about 0.76. Conversely, minimising the rear wing angle and maximising the
front wing angle shifts the distribution forward to approximately 0.16. With both wing
angles maximised, the distribution balances around 0.54, showing a moderate rearward
bias as the rear wing generates more downforce at high angles of attack. Additionally,
drag is primarily influenced by the rear wing, which increases the baseline drag level by
ACp =~ 0.16 (+46%) to a maximum of Cp ~ 0.50 across its angle of attack range.
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Figure 7.8: Influence of symmetric front and rear wing actuation on the vehicle’s (a)
downforce coefficient, (b) downforce distribution expressed as the rear axle load fraction,
and (c) drag coefficient.

7.3.2 Vehicle Performance

The analysis of lap times reveals clear performance distinctions between the four vehicle
configurations, as detailed in Table 7.6. Configuration 1, with an optimised static setup
using a maximum front wing angle of 10° and a moderately low rear wing angle of around
8.12°, records the longest lap time of 120.196 s, which serves as the baseline for compari-
son. Configuration 2, which operates with an optimised fixed front wing angle of 10° and
active rear wing control, achieves a lap time of 119.502 s, resulting in an improvement
of 0.694 s (0.58% faster). Configuration 3, with active control over both the front and
rear wings, records a lap time of 119.452 s, showing an improvement of 0.744 s (0.62%
faster) over configuration 1. Finally, configuration 4, which has active asymmetric control
of both front and rear wings, achieves the fastest lap time of 119.281 s, reducing lap time
by 0.915 s (0.76% faster) compared to configuration 1.

The optimal racing line for configuration 1, shown in Figure 7.9, illustrates the range of
driving scenarios encountered on a lap around the Circuit de Barcelona-Catalunya. The
adaptability of active aerodynamic configurations to these scenarios can offer notable per-
formance gains. To facilitate subsequent analyses, the circuit’s corners are classified as
low-, medium-, or high-speed based on average velocity, using the 33rd and 66th per-
centiles as thresholds. Corners 5, 10, 13, 14, and 15 are classified as low-speed, with an
average cornering velocity of 20.62 m/s. Corners 1, 2, 4, 7, 11, and 12 are categorised
as medium-speed, averaging 28.39 m/s, while corners 3, 6, 8, 9, and 16 are identified as
high-speed, with an average velocity of 40.50 m/s.

Table 7.6: Lap time results and aerodynamic settings for all vehicle configurations.

Configuration Front wing Rear wing Sector 1 Sector2 Sector3 Laptime A Lap A Lap

(deg) (deg) time (s) time (s) time (S) (s) time (s) time (%)
Cl 10.000 8121 32953 45085 42.158 120196 - -
C2 10.000 Active 32721 44795 41986 119502 0.694 0.8
C3 Active Active 32701 44772 41979 119452 0744  0.62
C4 Active Active 1) 649 44703 41928 119281 0915 0.76

asymmetric asymmetric
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Figure 7.9: Optimal racing line with velocity contours for configuration 1 on the Circuit
de Barcelona-Catalunya, featuring labelled sectors and corners with corner start and end
point markings.

Insights into the overall performance differences between the vehicle configurations are
first drawn from the analysis of velocity, steering angle, and torque data. Generally, the
active aerodynamic configurations offer velocity improvements on both the straights and
corners, as shown in Figures 7.10a and 7.10b. Increased corner exit velocities in longer
medium-to-high-speed bends such as corners 3, 4, 9, and 16 are particularly noticeable
from the high delta velocity in the latter half of these corners. Additionally, later braking
in heavy-braking zones is observable, particularly evident by delta velocity peaks just
before corners 1, 4, 9, and 10.

The steering angle inputs, presented in Figure 7.10c, show only minor deviations between
the configurations, suggesting small variations in their optimal racing lines. However,
noticeably less steering input is observed in corners such as 3, 4, 5,9, 12, and 16. This
suggests that the active aerodynamic configurations offer improved grip, leading to higher
steering responsiveness.

The drive and brake torque inputs, shown in Figure 7.10d, further reinforce the findings
above. In long bends such as corners 3, 4, 9, and 16, the active aerodynamic configurations
enable earlier application of drive torque, resulting in faster corner exits. In addition, these
configurations allow more average brake torque to be applied, enabling later braking in
heavy-braking zones before corners 1, 4, 9, and 10, as previously identified.

To further illustrate the performance enhancements provided by the active aerodynamic
configurations, Figure 7.11 presents GG diagrams that map the relationship between lon-
gitudinal and lateral acceleration. In these diagrams, positive longitudinal acceleration
represents forward acceleration, while negative values correspond to braking. Similarly,
positive and negative lateral accelerations denote left- and right-hand cornering, respec-
tively. The borders of each GG diagram are highlighted to indicate the performance limits
of each configuration, emphasising the operating boundaries within which the vehicle per-
forms. Across all configurations, the diagrams show a concentration of operating points
along these boundaries, demonstrating that each configuration consistently operates near
its maximum potential.
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Figure 7.10: (a) Velocity, (b) velocity variations, (c) steering angle input, and (d) total
combined wheel torque as a function of distance for all vehicle configurations.
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Figure 7.11: GG-diagrams for (a) configuration 2, (b) configuration 3, and (c) configu-
ration 4 in comparison to configuration 1, with highlighted borders indicating the perfor-
mance limits of each configuration.

The GG diagrams further confirm configuration 4 as the most capable setup, extending the
performance envelope with the highest limits in both longitudinal and lateral acceleration.
Relative to configuration 1, configurations 2 and 3 exhibit approximately a 2.5% increase
in GG area, while configuration 4 achieves an increase of over 3.5%. In terms of pure
lateral acceleration, configurations 2 and 3 show a modest improvement of less than 0.5%,
whereas configuration 4 reaches nearly 1% higher lateral acceleration.

Configuration 4 also demonstrates the greatest improvements in combined deceleration
and lateral acceleration in the lower quadrants of the GG diagrams, representing trail
braking scenarios. Here, configurations 2 and 3 achieve an average 4.2% increase in com-
bined acceleration, while configuration 4 sees a further improvement to 5.2% relative to
configuration 1. In contrast, combined lateral and forward acceleration in the upper quad-
rants of the GG diagrams, which corresponds to acceleration out of corners, shows a more
modest increase of less than 0.5% for configurations 2 and 3, and nearly 3% for configu-
ration 4. These results highlight the greater overall performance gains of configuration 4,
particularly in scenarios involving combined acceleration.

7.3.3 Optimal Control of Aerodynamic Systems

With the key performance gains established, the analysis proceeds to examine the optimal
control inputs for the active aerodynamic systems driving these improvements, as illus-
trated in Figure 7.12. In addition, longitudinal and lateral load transfer data are presented
to highlight their influence on the control strategies.

For configuration 2, the rear wing angle is typically maximised in low-speed corners to
enhance downforce and improve cornering performance, as depicted in Figure 7.12a. In
medium-speed corners, the angle varies between medium and high, while in high-speed
corners, it ranges from low to medium. This strategy is attributed to the quadratic relation-
ship between aerodynamic forces and velocity, allowing lower angles of attack to generate
sufficient downforce at high speeds while also mitigating excessive drag generation.
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Generally, the rear wing control shows notable similarities to an inverse relationship with
longitudinal load transfer, increasing the angle under forward load transfer during braking
and decreasing the angle under rearward load transfer during acceleration. High angles of
attack during braking not only aid deceleration by increasing aerodynamic drag, but also
by enhancing rear axle load, allowing the rear tyres to contribute more effectively to brak-
ing. Conversely, lowering the angle during sustained acceleration reduces aerodynamic
drag, and avoids excessive rear axle loading and front axle unloading. Additionally, on
straights, the rear wing is set to its minimum angle to reduce aerodynamic drag and rolling
resistance, maximising straight-line speed.

The rear wing control for configuration 3, demonstrated in Figure 7.12a, largely mirrors
that of configuration 2, with minor adjustments to account for the active front wing’s
influence on the aerodynamic balance. The front wing angle is typically maximised under
high lateral load transfer during cornering to increase downforce on the front axle, thereby
enhancing tyre grip and cornering performance. In heavy-braking zones, when forward
load transfer peaks, the front wing angle is reduced to improve load balance, ensuring
both the front and rear tyres contribute effectively to deceleration.

Adjustments to the front wing are less frequent compared to the rear wing, due to the rear
wing’s greater trade-off between downforce and drag. Front wing angle adjustments gen-
erally occur only when the rear wing is at its maximum angle, and vice versa, reflecting a
coordinated approach in which the wings manage axle-specific downforce requirements
in response to load shifts during acceleration, braking, and cornering. On straights, both
front and rear wing angles are reduced to minimise drag and rolling resistance, maximis-
ing straight-line speed.

Configuration 4’s control strategy, shown in Figure 7.12b, optimises the independent left
and right front wing elements, along with the adjustable rear wing angle of attack and
tilt angle, providing the highest adaptability to diverse driving scenarios. During trail
braking, as the vehicle initiates cornering, peak forward load transfer starts to diminish
while lateral load transfer increases with steering angle application. In this phase, the
inside front wing element angle is maximised to enhance grip on the less loaded front
inside tyre, while the outside front wing angle is reduced to prevent further unloading
of the rear axle. The rear wing angle of attack remains at its maximum to enhance rear
axle load and increase aerodynamic drag, aiding deceleration. Concurrently, the rear wing
maximally tilts away from the corner centre, providing a lateral force at the rear axle and a
favourable downforce distribution for the inside tyres. This strategy consistently emerges
at the end of braking zones, when approaching corner entry.

As the vehicle transitions from trail braking to pure cornering, where lateral load transfer
predominates, both front wing elements are set to their maximum angle to enhance front
axle grip. The rear wing angle of attack typically varies between low and medium levels
depending on cornering speed to maintain aerodynamic balance, while the rear wing tilt
remains maximised away from the corner. The tilt angle control closely mirrors the lateral
load transfer patterns, generating a side force that supports lateral forces at the rear axle
and enhances downforce on the inside tyres, which become underloaded with increasing
lateral load transfer. This coordinated control strategy is particularly evident in longer
medium-to-high-speed corners, such as corners 3, 4, 9, 11, 12, and 16.
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Figure 7.12: Optimal control inputs for the aerodynamic systems of (a) configurations 2
and 3, (b) configuration 4, along with (c) longitudinal load transfer and (d) lateral load
transfer as functions of distance for all vehicle configurations.
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During the initial acceleration phase when exiting a corner, lateral load transfer starts to
reduce as steering input lessens, with a minor rearward load transfer occurring as ini-
tial drive torque is applied. In this phase, the inside front wing element is maximised
to enhance downforce on the underloaded inside front tyre, while the outside front wing
element is minimised to prevent rear axle unloading. Simultaneously, the rear wing an-
gle of attack and tilt angle are maximised to increase downforce on the rear axle and
underloaded inside tyres. This configuration effectively distributes downforce across the
axles to maximise the four-wheel drive system, with the rear axle bearing most load to ac-
commodate the majority of initial drive torque, while sufficient load remains on the front
wheels for effective utilisation of the torque directed to the front wheels.

This configuration remains only briefly, as rearward load transfer intensifies and lateral
load transfer decreases further during corner exit. In this phase, both front wing elements
are set to their maximum angle to increase downforce on the underloaded front axle. Si-
multaneously, the rear wing angle of attack is minimised to prevent rear axle overloading
and mitigate front axle unloading, thereby balancing the rearward load transfer. The rear
wing tilt remains maximised while lateral load transfer persists, until the vehicle exits the
corner fully and enters a straight. At this point, all angles are set to zero, minimising drag,
rolling resistance, and side forces, to maximise straight-line speed.

7.3.4 Vehicle Design Parameters

The optimal vehicle design parameters for brake, torque, and roll stiffness distributions,
listed in Table 7.7, vary noticeably with different aerodynamic configurations. The opti-
mal brake balance shifts progressively rearward with increasing aerodynamic control, as
the active aerodynamic configurations offer improved grip at the rear tyres during braking.

Configuration 1, with a high front wing angle and moderately low rear wing angle, gener-
ates limited rear axle downforce, resulting in the most front-biased brake balance. Config-
uration 2’s active rear wing control enhances rear axle downforce during braking, result-
ing in a nearly 1.4% rearward shift of the optimal brake balance. In addition to the rear
wing’s high downforce, configuration 3 reduces its front wing angle near peak decelera-
tion to mitigate rear axle unloading, contributing to a rearward brake balance shift of over
1.6% compared to configuration 1. Configuration 4 exhibits the highest rearward brake
balance shift of over 1.7%, due to effective balancing of downforce during trail braking,
further improving the utilisation of the rear tyres during braking.

Table 7.7: Optimal vehicle design parameters of brake balance, torque distribution, and
roll stiffness distribution for all vehicle configurations.

Brake Balance Torque distribution Roll stiffness distribution

Configuration

s % () ¥r () Yo ()
Cl1 0.677 0.727 0.462
C2 0.667 0.739 0.470
C3 0.666 0.741 0.472
C4 0.665 0.740 0.475
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The optimal torque distribution also shifts rearward for the active aerodynamic config-
urations, varying between approximately 1.6% to 1.9%. Maximising the rear wing and
reducing the front wing angle during initial torque application increases downforce and
thereby traction at the rear tyres compared to configuration 1. This enhanced grip al-
lows more torque to be applied to the rear wheels, shifting the optimal torque distribution
rearward.

The optimal roll stiffness distribution shifts rearward for active aerodynamic configura-
tions as well. Configurations 2 and 3 enhance rear axle downforce during cornering com-
pared to configuration 1, allowing it to accommodate greater lateral load transfer, resulting
in a 1.7% to 2.1% rearward shift in the optimal roll stiffness distribution. Configuration 4
shows the most pronounced shift of approximately 2.7% relative to configuration 1, due
to its asymmetric aerodynamic control. Its aerodynamic elements can increase downforce
on the underloaded inside tyres and generate an aerodynamic side force near the rear
axle during cornering, allowing configuration 4 to accommodate the highest lateral load
transfer at the rear axle.

7.4 Conclusion

This study examined the influence of active aerodynamic systems on high-performance
vehicles by analysing the effects of different configurations on lap time, control inputs,
and optimal design parameters. It compared static and active setups, including a config-
uration with 2D active aerodynamic systems capable of influencing aerodynamic balance
longitudinally and laterally. The analysis addressed both the magnitude of performance
gains and the underlying mechanisms through which these gains were achieved.

Vehicle performance was optimised and evaluated for a lap at the Circuit de Barcelona-
Catalunya using a minimum lap time simulation framework. The simulations employed a
transient vehicle dynamics model that incorporated longitudinal and lateral load transfer,
non-linear tyre characteristics, and aerodynamic forces obtained through CFD simula-
tions.

The results demonstrated that active aerodynamic configurations significantly reduced lap
times compared to a static setup, with key performance improvements in braking capa-
bility, cornering speed, acceleration out of corners, and straight-line velocity. The fully
active asymmetric configuration provided the highest lap time reduction of approximately
0.915 5 (0.76%), as its ability to modulate downforce laterally improved tyre grip utilisa-
tion, enabling the vehicle to sustain higher longitudinal and lateral accelerations.

Optimal control strategies for each configuration revealed that performance gains were
achieved by actuating aerodynamic elements to balance shifts in vertical tyre loads in-
duced by load transfer. Configurations with control over either the rear wing or both
wings showed a response that correlated inversely with longitudinal load transfer, adjust-
ing wing angles to support the underloaded axle. The configuration with fully asymmetric
control capabilities was able to further maximise downforce on the underloaded inside
tyres during high lateral load transfer and prioritise downforce on the most underloaded
tyres in scenarios with combined load transfers.
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Additionally, optimal design parameters for brake, torque and roll stiffness distributions
shifted progressively rearward for the active aerodynamic configurations. These shifts
reflected the enhanced control over aerodynamic loads on the rear axle, enabling more
effective utilisation of the rear tyres during braking, initial acceleration, and cornering.

Overall, this research demonstrated the substantial potential of active aerodynamic sys-
tems, particularly with 2D active configurations, to enhance vehicle performance. The
findings provided valuable insights into the extent and areas of performance improve-
ments, the aerodynamic control strategies that drive these gains, and the resulting shifts in
key vehicle design parameters. The study presented an effective simulation framework for
evaluating aerodynamic control strategies and informing vehicle setup decisions, estab-
lishing a foundation for future research on active aerodynamic technologies. Future work
exploring control strategy implementations, integration with other active vehicle systems,
and real-world applications could lead to new insights and potentially even greater per-
formance gains, guiding the development of next-generation high-performance and auto-
motive vehicles.

Data Availability Statement

The minimum lap time simulation framework and the corresponding generated perfor-
mance data supporting this study are openly available from Cranfield Online Research
Data at: https://dspace.lib.cranfield.ac.uk/handle/1826/23604. (47)
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Chapter 8

Lap Time Performance Analysis of
Active Aerodynamics Combined With
Active Torque Distribution

This chapter was originally published as:

Rijns S, Teschner TR, Siampis E, Blackburn K, Brighton J. Performance optimisation
of high-performance vehicles with active aerodynamics and active torque distribution [in
review]. Advanced Vehicle Engineering Centre. Cranfield University. 2025.

Abstract

This study investigates the performance potential of active aerodynamic systems com-
bined with active torque distribution (ATD) on high-performance vehicles. Minimum lap
time simulations are employed to simultaneously optimise the vehicle’s trajectory, control
inputs, design parameters, and tyre characteristics for various active aerodynamic config-
urations combined with all-wheel-drive (AWD) and ATD powertrains, evaluated on the
Circuit de Barcelona-Catalunya. Results show that ATD setups reduce lap times by up to
4.8% compared to AWD setups, with further reductions of up to 5.4% when combined
with active aerodynamics. AWD configurations favour moderately low downforce setups
to balance drag, while ATD configurations benefit from higher downforce to maximise
total tyre grip. Active aerodynamic systems with asymmetric actuation further enhance
performance by prioritising downforce on underloaded tyres, improving combined grip
on each axle. Additionally, the findings reveal that AWD configurations perform best
with tyres featuring lower nominal vertical loads and higher cornering stiffness to max-
imise grip for less loaded tyres, while ATD setups excel with tyres featuring slightly
higher nominal loads and lower cornering stiffness, achieving more balanced grip across
all tyres. Overall, this study highlights the synergistic performance potential of active
aerodynamics with ATD and provides detailed insights into the mechanisms driving their
performance gains, guiding next-generation vehicle development.

Keywords: Active Aerodynamics; Active Torque Distribution; Performance Optimisa-
tion; Minimum Lap Time; Optimal Control; Vehicle Dynamics
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8.1 Introduction

Active systems on vehicles, which dynamically adapt to operating conditions, have gained
significant attention for their potential to improve vehicle handling, efficiency, and overall
performance. Among these innovations, active aerodynamic systems, which influence
aerodynamic forces, and active torque distribution (ATD) systems, which allocate torque
to individual wheels, have emerged as particularly promising solutions. Combined, these
innovations could potentially offer significant performance enhancements for automotive
and motorsport applications.

Studies on active aerodynamic systems have demonstrated their capability to enhance
vehicle stability during dynamic manoeuvres, reduce braking distances by over 6%, and
improve lap times by nearly 3% compared to static aerodynamic configurations (1, 2,
3, 4,5, 6). Asymmetric aerodynamic designs, such as split and tilt wings, have been
shown to vary aerodynamic loads longitudinally and laterally, improving lateral stability
and acceleration during dynamic events by prioritising downforce on underloaded tyres
(7, 8,9, 10, 11, 12, 13, 14). Notably, tilt wing designs have been reported to outperform
split wings, achieving a 1.2% increase in cornering velocity due to their greater influence
on aerodynamic load modulation and consistent response to control strategies (15).

ATD has been extensively studied for its potential to enhance vehicle performance. Re-
search has demonstrated its ability to optimise tyre grip utilisation, enabling higher lon-
gitudinal and lateral accelerations (16, 17, 18, 19, 20). ATD has been shown to improve
handling performance by mitigating oversteer and understeer tendencies through the gen-
eration of corrective yaw moments, providing more responsive vehicle behaviour during
dynamic manoeuvres (21). Previous work has also reported that integrating active aero-
dynamics and ATD improved stability during harsh manoeuvres compared to using ATD
alone (2). Additionally, minimum lap time simulations demonstrated that ATD reduced
lap times by 4%, with a further 1% improvement achieved through the addition of an
active rear wing (22).

Minimum lap time simulations, with varying levels of trajectory planning and vehicle
dynamics modelling, have been widely used to optimise and evaluate vehicle performance
by minimising lap time while adhering to track constraints and dynamic limitations (23,
24, 25, 26, 27, 28, 29). Such studies have demonstrated lap time improvements of 1%-
2% with conventional aerodynamics across different powertrain configurations (30, 31,
32, 22). Additionally, improvements of approximately 1% have been reported using 2D
active aerodynamic systems capable of modulating aerodynamic balance longitudinally
and laterally, outperforming other conventional active aecrodynamic configurations (33).

Although prior research has established the individual benefits of active aerodynamics and
ATD, few studies have investigated their combined implementation. The limited research
available typically employed simplified simulation techniques, which did not fully capture
the dynamic interactions between these systems, leaving their synergistic potential largely
underexplored. To address this gap, this study evaluates the combined effects of active
aerodynamics and ATD on vehicle performance. It also investigates how these systems
influence optimal vehicle setups and analyses the tyre characteristics most effective for
further enhancing performance.
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This study employs minimum lap time simulations using a free-trajectory approach, tran-
sient vehicle dynamics, and Computational Fluid Dynamics (CFD) derived aerodynamic
data. The simulation framework simultaneously optimises the vehicle’s trajectory, control
inputs, and selected design parameters. The performance of various active aerodynamic
configurations, including asymmetrically actuated systems, combined with all-wheel-
drive (AWD) and ATD powertrains, is evaluated on the Circuit de Barcelona-Catalunya.
Through comprehensive analyses, this study quantifies the individual and combined per-
formance gains delivered by each system, identifies the underlying mechanisms driving
these improvements, and evaluates the influence of vehicle design parameters and tyre
characteristics on maximising performance.

8.2 Methodology

8.2.1 Vehicle Geometry

This study evaluates the performance of various active aerodynamic configurations in-
tegrated with AWD and ATD powertrains. It employs a high-performance vehicle con-
cept, introduced in Chapter 6 (15), which is based on the DrivAer hp-F (34), a high-
performance variant of the DrivAer Fastback model (35). The vehicle features forebody
strakes, a flat underbody, and a 10° multichannel diffuser. It is equipped with an ac-
tive split front wing and tilt rear wing. The front wing elements can individually adjust
their angle of attack from 0° to 10°, while the rear wing’s angle of attack can be varied
between 0° and 30°, with a tilt angle adjustment range of +12°. The high-performance
vehicle concept is depicted in Figure 8.1 and its main dimensions are detailed in Table 8.2.

Four aerodynamic configurations of this vehicle are analysed to evaluate the influence of
varying levels of aerodynamic adaptability on vehicle performance. The first configura-
tion (C1) features a fixed front and rear wing angle, serving as a baseline for comparison.
The second configuration (C2) retains the fixed front wing but incorporates active rear
wing control, whereas the third configuration (C3) allows for active control of both the
front and rear wings. The fourth configuration (C4) introduces active asymmetrical con-
trol, with independent actuation of the left and right front wing elements, in addition to
active control of the rear wing’s angle of attack and tilt angle. This asymmetric actuation
functionality allows influence on the aerodynamic balance both longitudinally and later-
ally, which is therefore classified as a ‘2D active aerodynamic system’. Each aerodynamic
configuration is evaluated with an AWD and ATD powertrain, as detailed in Table 8.1.

Table 8.1: Overview of the vehicle configurations.

Feature Cl C2 C3 Cc4 CI1-ATD C2-ATD C3-ATD C4-ATD
Front wing Static Static  Active Active . Static Static Active Active .
asymmetric asymmetric
. . . . Acti . . . Acti
Rear wing  Static Active Active ctive . Static Active Active ctive .
asymmetric asymmetric
Powertrain AWD AWD AWD AWD ATD ATD ATD ATD
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Figure 8.1: Illustration of the high-performance vehicle concept featuring an active split
front wing and active tilt rear wing. The aerodynamic systems are displayed in an asym-
metric operating setting to illustrate the design.

8.2.2 Vehicle Model

This study employs the seven degree-of-freedom planar vehicle model introduced in
Chapter 7 (33), illustrated in Figure 8.2. The simulation framework is extended to op-
timise ATD control inputs in addition to those of the active aerodynamic systems. The
model captures longitudinal, lateral, and yaw rate motions, together with individual wheel
rotations. It also accounts for longitudinal and lateral load transfers, non-linear tyre be-
haviour, and aerodynamic forces. Table 8.2 lists the vehicle parameters, which are based
on the geometry and representative specifications of high-performance vehicles (36).

To align with the optimisation framework, vehicle trajectory tracking is described in a
curvilinear coordinate system, which uses the travelled distance s (m), lateral displace-
ment n (m), and angle € (rad), with respect to track’s centreline. Since the optimisation
framework is distance-based, as will be detailed in Section 8.2.3, time-dependent equa-
tions are transformed into functions of travelled distance. This transformation follows the
methodology by Casanova (23), introducing the scaling factor Sy, which represents the
inverse (dt/ds) of Eq. (8.1), as applied in Egs. (8.2) and (8.3). In the equations below, ¢ (s)
denotes time, k¥ (m~!) the track’s curvature, r (rad/s) the vehicle’s yaw rate, and v, (m/s)
and vy (m/s) the vehicle’s longitudinal and lateral velocities, respectively.

d  vycos(€) —vysin(g)

= 8.1
dr’ 1 —nk (61
d :
ds ¥ y f .
n= vysin(€) +vycos(€) ) S (8.2)
d
SEe=Sr—x (8.3)

The equations of motion are described by Egs. (8.4)-(8.6). Subscripts are used to specify
components, where k indicates the longitudinal (x), lateral (y), or vertical (z) direction,
i represents the front (f) or rear (r) axle location, and j specifies the left (/) or right (r)
wheel position. Fj ;; (N) represents the tyres forces, Fp (N) the aerodynamic drag, Fg (N)
the rolling resistance, and Fg; (N) the aerodynamic side forces.
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Figure 8.2: Schematic illustration of the vehicle model.

The steering angle is denoted by & (rad), the vehicle’s total mass by m (kg), the yaw
moment of inertia by I, (kg m?), the axle distances from the centre of gravity (COG) by
l; (m), and the track width by 7, (m). Additionally, wheel dynamics are modelled by
Eq. (8.7), where Q;; (rad/s) indicates the wheel angular velocity, 7;; (Nm) the applied
wheel torque, R,, (m) the wheel radius, and /,, (kg m?) the wheel rotational inertia.

d .
= [(Fxﬂ + Fy rr)cos(0) — (Fy s1 + Fy, ) sin(6)
Sy
+Fx,rl+Fx,rr+mVyr_FD_FR E (8.4)
d .
Evy = (Fy7fl +Fy,fr) COS(S) + (Fx7fl +Fx,fr) SlIl((S)
Sy
+ Fy i+ Fy e —mvyer + Fg - (8.5)
d .
v = | ((Fegi+ Fopr) sin(8) + (Fy i+ ) cos(8) + Fs ) Iy
t
- (Fy7rl +Fy,rr +FS,r) lr + (Fx,rr - Fx7rl> EW
. twlS
+ ((Fx,fr - Fx’ﬂ) COS<3) + (ijﬂ — Fy,fr) sm(5)> EW:| I—f (8.6)
z
d S
%Qij = (Tij_Fx,inw)E (8.7)
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Table 8.2: Overview of the vehicle parameters.

Parameter Value Unit Description

L 4613 m Length

w 1.792 m Width

H 1.397 m Height

Aref 2.160 m? Frontal area

ho 0.130 m Ride height

m 1565 kg Total mass

myg 1375 kg Sprung mass

My, 9 kg Front unsprung mass

My, r 100 kg Rear unsprung mass

I, 1450 kgm?  Yaw moment of inertia

) 2786 m Wheelbase

Iy 1.393 m Distance between front axle and COG
I, 1.393 m Distance between rear axle and COG
ty 1.520 m Track width

hcog 0.500 m Height of COG

hu,f 0.297 m Height of front unsprung mass

My r 0297 m Height of rear unsprung mass

hy 0.070 m Height of front roll centre

hy 0.110 m Height of rear roll centre

hrw 1.280 m Height of rear wing

d 0410 m Distance between COG and roll axis
R, 0314 m Wheel radius

I, 0.9 kgm?  Wheel rotational inertia

kg 1.146x10° Nm/rad Total roll stiffness

P, max 456 kW Maximum electric motor power

1% max 602 Nm Maximum electric motor torque

Qe max 17750 RPM Maximum electric motor speed

Ye 7.252 - Final gear ratio

8.2.2.1 Tyres

Tyre forces depend on vertical loads, calculated using Eq. (8.8). The first term describes
the static weight distribution, influenced by the unsprung masses m, ; (kg), the sprung
mass m; (kg), and the wheelbase length / (m). The remaining terms represent the gravi-
tational acceleration g (m/s?), aerodynamic lift forces Fy,;; (N), and longitudinal I'y ;; (N)
and lateral Iy ;; (N) load transfer components.
1 l;

F.ij= 78 (mu7i+m57> S UATE==S BT == O (8.8)
Total longitudinal I'y (N) and lateral I'y (N) load transfer are described by Egs. (8.9) and
(8.10), where hcog (m) signifies the COG height, F, 8 (N) the nominal drag force acting at
the COG height, and F* (N) the additional drag from aerodynamic elements acting at
the rear wing height Agwy (m).
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I'y= |:(Fx,fl +F; ¢)cos(0) — (Fy,ﬂ +F, fr)sin(9)

h h
+Fx,rl+Fx,rr+FD0:| %"‘Fgem% (89)

I, = |:(Fx,fl —+ Fx7fr> Sin(a) + (F;/,fl +Fy,fr) 005(5)

h h
+Fy +Fy] —iOG + Fs—% (8.10)

w w

Longitudinal load transfer is equally distributed between the left and right wheels. The
lateral load transfer distribution accounts for contributions from the unsprung masses, the
sprung mass through suspension links, and the roll couple of the sprung mass via the
springs, as described by Eqs. (8.11)-(8.13). These equations incorporate the unsprung
mass height 4, ; (m), the roll centre height 4; (m), and the distance between the COG
and the roll axis d (m) to calculate the axle-specific fraction of total lateral load transfer
Cry, (-). Although most of these parameters are constrained by design limitations, the
roll stiffness distribution %, (-), which represents the proportion of total roll stiffness
k¢ (Nm/rad) at the rear axle, can be adjusted to some extent.

T, 8.11
Y= oyt Cror (8.11)

d

by rmy s Lhemg (1= Ye) ko ms(p—n—za)
Cry.f = ’; L lf St ’ P— s (8.12)
w w w
d

By Lphemg  Yeo Ko Ms(g = a)

Cry, = wrMur it | T ko —msgd (8.13)

Longitudinal and lateral tyre forces are modelled using the Pacejka *96 model (37), as ex-
pressed by Egs. (8.14) and (8.15). Tyre model coefficients are derived from Avon British
F3 tyres (38), listed in Table 8.3. The peak value Dy ;; (-) and friction coefficient u;; (-)
are load-dependent, as expressed in Eqs. (8.16) and (8.17), where the nominal vertical
tyre load F;o (N), friction coefficient at the nominal load g (-), and Pacejka’s coefficient
for friction variation with load Pp; (-) are incorporated. The optimisation parameter ¥, (-)
is introduced to shift the nominal tyre load without affecting the peak force magnitude.

Frij = Dy sin {Cx tan~! {Bxs,-j _E, (Bxs,-j - tan*l(Bxs,-,-)) }] (8.14)

Fij = Dy,ij sin {Cy tan_l {By Q;j —Ey (By Oj —tan_l(By OC,'j)) }} (8.15)
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Table 8.3: Overview of the tyre model coefficients.

Coefficient Value Description
Fy 4905 Nominal Load (N)
Uo 1.41  Friction coefficient
Ppo -0.6 Variation of friction with load
B, 6 Stiffness factor, longitudinal
Cy 2.3 Shape factor, longitudinal
E, 0.9 Curvature factor, longitudinal
B, 6 Stiffness factor, lateral
Cy 2.5 Shape factor, lateral
Ey 0.5 Curvature factor, lateral
D,'j:,uijh (816)
Y:0
g = o+ P T (8.17)
20 Y20

Tyre slip ratios s;; (-) and slip angles ¢;; (rad) are described by Eqgs. (8.18)-(8.20), with the
effective tyre velocity v;; (m/s) calculated by Eq. (8.21). Rolling resistance is modelled
using a constant road friction coefficient Cr (-), as expressed by Eq. (8.22).

[
o) = 5 —tan”! (Q)

Otrj

1
vxj:rjw
o frl—v
_ tan 1<—Y>
vx:l:r7w
RWQ,']'—V,']'
ij

2 o\ 2
Vij = COS((Xij)\/(Vy:l:}’l,‘) + (inraw>

FR :Cf(Fz,fl+Fz,fr+Fz,rl+Fz,rr)

8.2.2.2 Aerodynamics

(8.18)

(8.19)

(8.20)

(8.21)

(8.22)

Aerodynamic data of the high-performance vehicle and its aerodynamic devices are ob-
tained from CFD simulations conducted in Chapter 7 (33). The deployed methodology
was established on a grid convergence study, turbulence model evaluation, and validation
with experimental data and high-fidelity Delayed Detached Eddy Simulation (DDES) re-
sults from Chapter 2 (39). This study focuses on the implementation of the aerodynamic
data into the vehicle model, with a comprehensive description of the CFD simulation
methodology available in Section 7.2.2 (33).
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The aerodynamic performance data is incorporated using polynomial fitted functions of
the simulated results. The functions describe the influence of the left front wing element
angle of attack apw.1. (deg), right front wing element angle of attack opw.r (deg), rear
wing angle of attack arw (deg), and rear wing tilt angle arw (deg), on both the magnitude
and distribution of aerodynamic forces acting on the vehicle. Specifically, they define
variations in key aerodynamic force components, including lift at the front Cy_fronc () and
rear wheels CL rear (-), lift at the left Cy je; (-) and right wheels Cp ign (-), side force at the
front Cg fron¢ (-) and rear axles Cs reqr (-), and total drag Cp (-).

The influence of each element on a specific aerodynamic force component coefficient
ACy,, (-) is expressed as a function of its operating angle o, (deg) using polynomial for-
mulations, as described by Eq. (8.23). Here, w € {FW-L, FW-R, RW, TW } represents the
aerodynamic elements, including the left and right front wing angles, rear wing angle, and
rear wing tilt, respectively. The aerodynamic lift, drag, and side forces are indexed by u €
{L,D,S}, while force distribution locations are specified by v € {front, rear, left, right}.
The polynomial coefficients, listed in Table 8.4, are denoted by ijfv(é), with £ (-) indexing
the polynomial terms and N/, indicating the polynomial order.

u,v

NW
ACY, =Y Pr(0) o) (8.23)
=1

The combined aerodynamic force coefficients Cy,, (-) are obtained by adding the individ-
ual effects of all acrodynamic elements with the nominal aerodynamic coefficients CSN ),
which represent the vehicle’s baseline aerodynamic performance without system actua-
tion, as formulated in Eq. (8.24). The total aerodynamic coefficients are then computed
by summing the relevant contributions, with lift exemplified in Eq. (8.25).

Cuy =Ch,+ACIY T+ ACTY R+ ACRY +AC Y (8.24)

CL= CL,front + CL7rear (8.25)

Given the significance of aerodynamic loads in tyre force generation, lift coefficients are
formulated for each wheel individually to enable direct integration with the vertical load
calculations in the vehicle dynamics model. This distribution follows the previously es-
tablished side-specific lift contributions. Eq. (8.26) provides the formulation for the front
left wheel, with analogous expressions applied to the remaining wheels.

CL et
CLpL = CLiiom — 5 (8.26)
L

Finally, the aecrodynamic forces F,, (N) acting on the vehicle are calculated by Eq. (8.27),
where p (kg/m3) represents the air density, Ayef (m?) the vehicle’s reference frontal area,
and v, (m/s) the longitudinal velocity.

1
Fu,v = 5 p Cu,vAref sz (8.27)

218



Chapter 8. Active Aerodynamics and Torque Distribution 8.2. Methodology

Table 8.4: Overview of the aerodynamic relationship coefficients.

Coefficient  Cpfront  CL rear Criett  CLright Cp Cs front  Cs rear
cy, -0.188  -0.103  -0.146  -0.146  0.346 0 0
PIVE(1)  9.75e-3  1.58e-3  -8.17e-3 0 0 0 0
PIVR(1)  -9.75¢-3  1.58e-3 0 -8.17e-3 0 0 0
PRV (1) 3.79¢-3  -2.18¢-2 -9.0le-3 -9.0le3 2.90e3 0 0
PV (2) -1.94e-4 1.11e-3 4324 4324 787e-5 0 0
PRV (3) 431le-6 1.56e-5 9.95e-6 9.95e-6 0 0 0
PRV (4) 0 -2.75e-6 -1.37e-6 -1.37e-6 0 0 0
PRV (5) 0 4.92e-8 2.46e-8 2.46e-8 0 0 0
PV (1) 0 -7.10e-5 4.30e-3  -4.30e-3 0 0  7.19-3
PIWV(2) 0 0 3.55e-5 3.55e-5 0 0 0

8.2.2.3 Powertrain

The aerodynamic configurations considered in this study are evaluated with AWD and
ATD powertrains, utilising a high-performance electric motor unit paired with a single-
speed transmission, capable of delivering a maximum continuous power output of
Pe max = 456 kW, a maximum continuous torque output of 7 max = 602 Nm, and a maxi-
mum motor speed of £, max = 17750 RPM (40).

Even though high-performance electric vehicles typically employ multiple motor units for
advanced torque distribution, such as one per axle or wheel, both powertrain configura-
tions are modelled with a single electric motor for simplicity. This serves as an elementary
use case to explore key performance trends under varying torque allocation capabilities,
ensuring consistent total power and torque output. This simplification enables a focused
analysis of the interaction between torque allocation and active aerodynamic control, with
implementation details considered beyond the scope of this study.

Torque allocation for the AWD configurations is governed by a fixed torque distribution
ratio ¥r (-), which determines the fraction of total electric motor torque 7, (Nm) directed
to the rear axle. Similarly, total braking torque 7, (Nm) is distributed between the axles
using a fixed brake balance 7, (-), which specifies the fraction allocated to the front axle.
Torque at the front 7y; (Nm) and rear wheels 7,; (Nm) is then expressed by Egs. (8.28)
and (8.29), where 7, (-) denotes the final gear ratio.

Tyj = ((1 —Vr)n7g+Tbn) (8.28)

| =

(wTer+7(1-n) (3.29)

| =

T, =
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ATD configurations can dynamically allocate drive and brake torque to each individual
wheel using wheel-specific torque ratios ¥;; (-), where individual wheel torques 7;; (Nm)
are described by Eq. (8.30).

Ti=YiTeYe+ YTy (8.30)

8.2.3 Optimisation Framework

The optimisation framework employed in this study builds upon the methodology devel-
oped by Jiménez et al. (32) and subsequently extended in Chapter 7 (33). The present
work further adapts the framework to enable the integrated optimisation of active aerody-
namic systems and active torque distribution. A brief overview is provided below, while
readers are referred to the referenced works for more detailed descriptions.

The Minimum Lap Time Problem (MLTP) is formulated as an Optimal Control Problem
(OCP) and transcribed into a Non-Linear Programming (NLP) problem using direct or-
thogonal collocation. Travelled distance is used as the independent variable, reducing
computational complexity by eliminating time as a variable. The OCP is transcribed into
a NLP by discretising the track into N segments of length ds; (m).

The OCP is formulated to optimise the vehicle states X;, control inputs Uy, auxiliary
variables Y, and selected vehicle design parameters p to minimise total lap time. Vehicle
states within each segment are approximated using Legendre polynomials of degree d.
Collocation points s j with j = {1,...,d} are selected at the polynomial roots. Collocation
constraints enforce equality between the polynomial derivatives and governing dynamic
equations, ensuring the vehicle’s trajectory evolves according to its dynamics model.

The contributions of collocation points within each track segment, denoted by Sy, are
weighted by vector B and summed to approximate lap time in the NLP objective function,
as defined in Eqgs. (8.31) and (8.32). To promote physically plausible solutions, regular-
isation terms are introduced that penalise the sum of squares of control inputs, auxiliary
variables, and their m-th derivatives at each segment A}'. The weight factors r,, are used
to govern their influence on the objective function.

Minimise
Al 2 2
J=Y BS;ids +Z (rmAT U+ Y (rmAYY) (8.31)
k=t regule:r?sation
With
- [T, ]
Vy 5 Yo
r 1—‘x Yr
X = U= apw) |, Y = ,and p = (8.32)
n 1_‘y ’yk(p
ORwW
€ Y:0
0. orw
ij
- L Y ]
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The optimisation is subject to bounds on the optimisation variables and additional con-
straints described in Egs. (8.33)-(8.39). Powertrain capabilities are imposed through max-
imum electric motor power and angular velocity constraints, as defined in Egs. (8.33) and
(8.34). To avoid unrealistic scenarios, simultaneous application of drive and brake torque
is prevented by Eq. (8.35). Tyre forces are limited by a friction circle model with a uni-
form friction coefficient, ensuring combined longitudinal and lateral forces remain within
the available grip, as expressed in Eq. (8.36).

A constraint on the individual wheel torque ratios for the ATD powertrain is enforced
through Eq. (8.37), preventing the total allocated torque from exceeding the electric mo-
tor’s available output. Additionally, longitudinal and lateral load transfer are introduced
as auxiliary decision variables, constrained by Egs. (8.38) and (8.39), to avoid an alge-
braic loop arising from the interdependence between load transfer, tyre forces, and vehicle
accelerations.

QT — Peynax <0 (8.33)

Q¢ — Q¢ max <0 (8.34)

T,T,=0 (8.35)

w — 1> <0 (8.36)
F,ij

1— (YrL+ VPR + YRL+ YRR) = O (8.37)

e K(Fx’f 1+ Frpr) €0s(8) = (Fy g1 + Fy.gr) sin(8) + Fi

h h
+Fypr +F1§’) % + Fge“’%} —0 (8.38)

Iy — {((Fx,fl + Fx,fr) sin(6) + (Fy,fl —l—Fer) COS(5)

+Fyn+ Fy,rr) - T Fs— (8.39)

w w
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Table 8.5: Overview of the rate limits and regularisation weight factors for control inputs
and auxiliary variables used for the performance optimisation simulations.

Rate limits Regularisation

Parameter Symbol

Lower Upper ro r n
Drive torque T, -2e4 Nm/s 2e4 Nm/s 0 0 O
Brake torque 15 -2e4 Nm/s  2e4 Nm/s 0 0 O
Active torque ¥,  2e4Nm/s 2e4Nm/s 0 0 0
distribution
Steering angle 0 -0.1rad/s 0.1 rad/s 0 10 15
Front wing angle Opw -20deg/s 20 deg/s 0 0 03
Rear wing angle ORwW -60 deg/s 60 deg/s 0 0 09
Rear wing tilt oTw -24 deg/s 24 deg/s 0.005 0 04
Longitudinal load T, i i 0 0 1
transfer

The lap time simulations are conducted on the Circuit de Barcelona-Catalunya, featur-
ing both high-speed straights and technical corners. Elevation changes are omitted, as
the track serves purely as a representative case for comparative performance evaluation.
The NLP problem is implemented in MATLAB using the automatic differentiation frame-
work CasADi and solved with the [IPOPT solver, configured with an optimality tolerance
of 1 x 107% and constraint violation tolerances of 1 x 10~*. The vehicle states are ap-
proximated using third-order Legendre polynomials and the track is discretised in 10 m
segments, balancing computational efficiency and accuracy (32, 33).

Rate limits and regularisation weight factors, listed in Table 8.5, are calibrated to reflect
the physical response times of both the driver and vehicle systems. In particular, the
aerodynamic actuators are constrained to response times of approximately 0.5 s, con-
sistent with those reported in existing active aerodynamic applications. Regularisation
factors are further tuned to suppress high-frequency oscillations in control inputs, pro-
moting smoother actuation and preventing excessive corrections, thereby enhancing the
robustness and interpretability of the control strategy results in this study.

8.3 Results and Discussion

This section first evaluates the influence of individual aerodynamic elements on overall
aerodynamic performance. Subsequently, it examines lap times, optimal setups, key per-
formance metrics, and control inputs across the vehicle configurations. Finally, optimal
tyre characteristics are analysed to identify desired configuration-specific properties.

8.3.1 Aerodynamic Performance

The aerodynamic contributions of individual components are presented in Figure 8.3. The
front wing elements increase front axle downforce by up to ACy, ~ —0.10, primarily on
their respective side of the vehicle, while causing minor rear axle downforce reductions of
up to AC, &~ 0.02 and minimal drag penalties, reflecting their high aerodynamic efficiency.
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Figure 8.3: Influence of the (a) left front wing element angle of attack, (b) right front wing
element angle of attack, (c) rear wing angle of attack, and (d) rear wing tilt angle on the
vehicle’s aerodynamic performance.

The rear wing has the greatest aerodynamic impact, increasing rear axle downforce by
up to ACp = —0.31 while slightly reducing front axle downforce by up to ACy, ~ 0.05.
Its performance shows an initial rise in downforce, a stall plateau between 10°-15°, and
additional gains at higher angles due to upstream pressurisation effects. Drag increases
quadratically, peaking at ACp ~ 0.16. Tilting the rear wing redistributes downforce lat-
erally, increasing it by up to ACp, =~ —0.05 on the elevated side while reducing it by
ACL =~ 0.06 on the opposite side. It also generates a side force of up to ACs ~ +0.09,
with negligible effects on drag or front axle downforce.

Altogether, the vehicle achieves a lift coefficient of Cp ~ —0.29, a drag coefficient of
Cp ~ 0.35, and a rear axle downforce distribution of 0.35 at minimised wing angles.
Maximising the front wing increases downforce by ACp, ~ —0.16 (+56%) and shifts the
balance forward to 0.16. Maximising the rear wing enhances downforce by ACp ~ —0.26
(+89%) and shifts the balance rearward to 0.76. At combined maximised wing angles,
total downforce increases by ACp, ~ —0.42 (+145%) to Cy, = —0.71, while drag rises by
ACp = 0.16 (+46%) to Cp ~ 0.50, with a downforce distribution of 0.54.

223



Chapter 8. Active Aerodynamics and Torque Distribution 8.3. Results and Discussion

8.3.2 Lap Times

Lap time results are summarised in Table 8.6 to quantify performance gains delivered by
active aerodynamics and ATD. Aerodynamic configurations C1 to C4 with AWD power-
trains are compared against their ATD-enhanced counterparts C1-ATD to C4-ATD. Con-
figuration C1, featuring optimised static front and rear wing settings, serves as the base-
line with a lap time of 120.196 s. The front wing operates at its maximum angle due
to its high efficiency, while the rear wing is set at 8.12° to balance downforce and drag.
Increasing aerodynamic adaptability progressively reduces lap times. Configuration C2,
with a static front wing and active rear wing, improves lap time by 0.694 s (0.58%), while
configuration C3, employing active control of both wings, achieves a 0.744 s (0.62%)
reduction. Configuration C4, with asymmetric aerodynamic control, provides the greatest
improvement among the AWD configurations, reducing lap time by 0.915 s (0.76%).

Incorporating ATD yields significant gains, with configuration C1-ATD reducing lap time
by 5.638 s (4.80%) to 114.558 s over C1. Notably, it benefits from a significantly higher
downforce setup, with a rear wing angle of 28.46°. Active aerodynamics further improve
lap times, with configurations C2-ATD, C3-ATD, and C4-ATD achieving reductions of
0.486 s (0.42%), 0.494 s (0.43%), and 0.665 s (0.58%) over C1-ATD, respectively. While
the relative gains from active aerodynamics reduce by 20%-30% when paired with ATD,
their integration remains valuable for improving performance.

8.3.3 Vehicle Design Parameters

Optimised design parameters in Table 8.6, including brake torque, drive torque, and roll
stiffness distributions, illustrate the influence of active aerodynamics and ATD on vehicle
setup. For AWD configurations, increasing aerodynamic adaptability shifts these parame-
ters progressively rearward, driven by greater control over rear axle downforce. Enhanced
rear grip enables the axle to receive more torque during braking and initial acceleration,
while also supporting greater lateral load transfer. Owing to its superior asymmetric aero-
dynamic control, configuration C4 exhibits the largest rearward shifts of 1.7% in brake
balance, 1.7% in torque distribution, and 2.7% in roll stiffness distribution.

Table 8.6: Lap time and optimal design parameter results for all vehicle configurations.

Brake Torque Roll stiffness

Front win, Rear win, L .
& & balance distribution  distribution

Configuration Laptime ALap  ALap

(deg) (deg) " ) ¥ ) Y o (s) time (s) time (%)
cl 10.000 8.12 0.677 0.727 0.462 120.196 - -
c2 10.000 Active  0.667 0.739 0.470 119502  0.694  0.58
C3 Active Active  0.666 0.741 0472 119452 0744  0.62
c4 s ﬁ;ﬁlgﬁc < )ﬁi‘zﬁc 0.665 0.740 0.475 119281 0915  0.76
C1-ATD 10.000 28.46 ATD ATD 0.448 114558  5.638  4.80
C2-ATD 10.000 Active ATD ATD 0.446 114072 6.124 523
C3-ATD Active Active ATD ATD 0.452 114064 6131 524
C4-ATD Active Active ATD 0.457 113.893 6302 539

asymmetric asymmetric
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Leveraging the ability to better utilise available tyre grip, the ATD configurations have
more forward roll stiffness distributions compared to their AWD counterparts, with con-
figuration C1-ATD exhibiting a 3.2% forward shift compared to C1. However, similar
to the AWD configurations, the roll stiffness distribution shifts rearward with increasing
aerodynamic adaptability relative to configuration C1-ATD, with C3-ATD and C4-ATD
demonstrating shifts of around 1.0% and 2.0%, respectively.

Throughout the remainder of this study, configurations C2 and C2-ATD are excluded from
further analysis due to minimal performance differences compared to C3 and C3-ATD.
This is attributed to the front wing’s high aerodynamic efficiency, limiting the benefits
of front wing angle reductions for this specific vehicle design. Configurations C3 and
C3-ATD are retained to provide insights into the front wing’s performance and control.

8.3.4 Vehicle Performance

Racing lines for configurations C1 and C1-ATD, shown in Figure 8.4, highlight notice-
able differences in long bends such as corners 3 and 4, attributed to variations in per-
formance limits and handling responsiveness. Understeer characteristics in Figure 8.5a
reveal that configuration C1-ATD exhibits an approximately 30% lower understeer gra-
dient and less severe steering angle gain in the non-linear region, indicating enhanced
steering responsiveness and handling predictability. Figures 8.5b and 8.5¢ demonstrate
that for both AWD and ATD powertrains, active aerodynamic configurations exhibit neg-
ligible changes in understeer characteristics relative to static aerodynamic setups but show
slight increases in maximum lateral acceleration, which will be elaborated upon later.

Velocity variations in Figure 8.6 illustrate the performance improvements achieved by the
active aerodynamic configurations. The magnitude and location of these velocity gains
depend on the characteristics of their respective static aerodynamic setups. Configurations
C3 and C4 primarily enhance downforce compared to the low-downforce, low-drag setup
of C1. As a result, significant velocity gains are observed in grip-limited scenarios, such
as heavy braking zones (e.g., before corners 1, 4, 9, and 10) and during acceleration out
of long bends (e.g., corners 3, 4, 9, and 16).

Figure 8.4: Optimal racing lines for configurations C1 and C1-ATD on the Circuit de
Barcelona-Catalunya, featuring labelled sectors and corners, including corner start and
end point markings.
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Figure 8.5: Steering angle versus lateral acceleration for (a) configurations C1 and C1-
ATD, (b) configurations C1, C3 and C4, and (c) for configurations C1-ATD, C3-ATD and
C4-ATD.

Conversely, configurations C3-ATD and C4-ATD primarily improve performance by re-
ducing drag relative to the high-downforce, high-drag setup of C1-ATD. As a result, they
achieve substantial velocity gains during power-limited phases, such as along the straights
following turns 9 and 16. Although less pronounced, both configurations also achieve
modest velocity improvements through most medium- to high-speed corners, attributed
to slight increases in downforce, and for C4-ATD specifically, to a more effective distri-
bution of downforce.
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Figure 8.6: Delta velocity as a function of distance for (a) configurations C3 and C4
relative to C1, and (b) configurations C3-ATD and C4-ATD relative to C1-ATD.
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Figure 8.7: GG-diagrams, presenting longitudinal versus lateral acceleration, for (a) con-
figurations C1 and C1-ATD, (b) configurations C1, C3 and C4, and (c) configurations C1-
ATD, C3-ATD and C4-ATD, with highlighted borders indicating the performance limits
of each configuration.

GG diagrams presented in Figure 8.7 demonstrate the expanded performance envelope
for each configuration. Configuration C1-ATD achieves a 30% larger GG area than Cl,
with 4% higher pure lateral acceleration, 20% higher combined forward and lateral accel-
eration, and 30% higher combined deceleration and lateral acceleration.

Among AWD configurations, C3 expands the GG area by over 2% compared to C1, with
improvements of 0.5% in pure lateral acceleration, 1% in combined forward and lat-
eral acceleration, and over 4% in combined deceleration and lateral acceleration. The
asymmetric aerodynamic control of C4 expands the GG area by nearly 4%, achieving 1%
higher pure lateral acceleration, 3% higher combined forward and lateral acceleration, and
over 5% higher combined deceleration and lateral acceleration. For ATD configurations,
the high-downforce setup of C1-ATD limits further GG area expansion by C3-ATD, while
C4-ATD achieves a modest increase of less than 0.5%, with minor gains of 0.5%-1% in
pure lateral and combined accelerations through asymmetric aerodynamic loading.

8.3.5 Control Inputs

The underlying mechanisms driving the performance gains are investigated through anal-
yses of steering, torque, and aerodynamic control inputs. Steering traces in Figure 8.8a
show distinct differences between AWD and ATD configurations. ATD setups exhibit
greater responsiveness, requiring up to 30% less steering input throughout multiple cor-
ners (e.g., 2, 3,4, 5, and 12). While not directly evident from the previously discussed
understeer characteristics, active aerodynamic configurations further reduce steering in-
put compared to their static counterparts, particularly in medium- to high-speed corners
(e.g., 3,4, 6,8, and 16), enhancing handling responsiveness.

Torque inputs presented in Figure 8.8b reveal notable differences between AWD and ATD
configurations, where C1-ATD demonstrates later and more intense braking in heavy-
braking zones (e.g., before corners 1, 4, and 10) and maintains more consistent drive
torque in long turns (e.g., 3 and 4) compared to C1.
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Figure 8.8: (a) Steering angle and (b) combined total wheel torque as a function of dis-
tance for all vehicle configurations.

For AWD configurations, C3 and C4 enable earlier torque application and greater brake
torque due to enhanced rear axle grip. In contrast, configurations C3-ATD and C4-ATD
show diminishing returns in these areas due to the already high-downforce setup of C1-
ATD, but still achieve slightly higher peak brake torque and more consistent torque during
acceleration.

Figure 8.9 illustrates individual wheel torque allocation for the ATD configurations, with
C4-ATD serving as a representative example. The torque allocation patterns are largely
consistent across ATD setups, with minor variations arising from aerodynamic influences.
Key trends are observed across different driving scenarios and detailed below.

During straight-line and trail braking (e.g., before corners 1, 4, 9, and 10), brake torque is
initially evenly distributed across the wheels on each axle, with approximately 64% allo-
cated to the heavily loaded front axle at peak forward load transfer. As lateral load transfer
increases during trail braking, brake torque allocation shifts to the heavily loaded outside
tyres, while the underloaded inside tyres receive less torque. Brake torque across all tyres
eventually diminishes with increasing steering angle to accommodate larger lateral forces.

In rapid successive manoeuvres (e.g., corners 5—7), substantial combined longitudinal
and lateral load transfer occurs immediately. The most heavily loaded front outside tyre
therefore directly receives up to 35% of the total brake torque. Approximately 25% is
distributed to the front inside and rear outside tyres each, while the least-loaded rear
inside tyre receives just over 10%.
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Figure 8.9: Individual wheel torque as a function of distance for configuration C4-ATD.

During corner exits, particularly in medium- to high-speed corners in the first two sectors,
drive torque shifts dynamically as load transfers rearward. Initially, the heavily loaded
outside tyres each receive nearly 40% of the total drive torque, while the rear inside tyre
is allocated around 20% and the least-loaded front inside tyre less than 2%.

As the vehicle exits the corner and rearward load transfer increases, torque on the front
outside tyre decreases while torque on the rear inside tyre increases. By the time straight-
line acceleration is achieved, the torque distribution becomes predominantly rearward due
to the increased loading on the rear axle.

Figure 8.10 compares the control strategies for the active aerodynamic systems of the
AWD and ATD configurations. The rear wing control for configurations C3 and C3-ATD,
shown in Figure 8.10a, is closely tied to load transfer during torque application. During
initial acceleration, the rear wing angle is maximised to increase rear axle downforce. As
peak torque and rearward load transfer are reached, the rear wing angle reduces to restore
balance and minimise drag during the subsequent power-limited phase. During braking,
the rear wing angle is maximised to enhance deceleration by increasing downforce on the
underloaded rear axle and generating drag.

Key differences between the configurations include sensitivity and frequency of rear wing
adjustments. Configuration C3 varies rear wing angles significantly between high- and
low-speed corners to balance aerodynamic loads across the grip-limited tyres on each
axle, whereas configuration C3-ATD maintains consistently high rear wing angles
throughout corners to maximise downforce, benefiting from the ability to allocate torque
to individual wheels. Similarly, C3 exhibits more frequent front wing adjustments, espe-
cially during braking. Configuration C3-ATD primarily operates at maximum front wing
angles except during power-limited phases to reduce resistive forces. Both configurations
rapidly reduce front wing angles during initial acceleration to maximise rear axle grip and
torque allocation to the more heavily loaded rear wheels.

Figures 8.10b and 8.10c compare aerodynamic control strategies for configurations C4
and C4-ATD, mirroring trends observed for C3 and C3-ATD. Configuration C4 frequently
adjusts the rear wing’s angle of attack during cornering to balance aerodynamic loads,
while C4-ATD maintains high rear wing angles to maximise tyre grip with minimal re-
balancing.
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The rear wing’s tilt angle control for configurations C4 and C4-ATD is nearly identical.
During cornering, the rear wing tilts away from the corner centre to prioritise downforce
on the underloaded inside tyres. When inclined, the rear wing also generates a centripetal
force that primarily acts at the rear of the vehicle due to its mounting position, thereby
improving cornering performance.

The front wing control for configuration C4 features more frequent asymmetric adjust-
ments, particularly during braking and cornering, to optimise aerodynamic load distribu-
tion. In braking zones, the outside front wing element is reduced to prevent overloading
of the front outside tyre and further unloading of the rear axle.
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Figure 8.10: Control inputs of the active aerodynamic systems as a function of distance
for configurations (a) C3 and C3-ATD, (b) C4, and (c) C4-ATD.
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In contrast, C4-ATD exhibits more restrained adjustments, with minor reductions in the
outside front wing angle before specific corners such as 4 and 9. During corner exits, both
configurations reduce the outside front wing element to prioritise downforce on the rear
axle and underloaded inside tyres.

8.3.6 Tyre Characteristics

The influence of tyre characteristics on vehicle performance is explored by optimising the
nominal tyre load F,y (N) for each configuration without altering the peak longitudinal
and lateral forces. As illustrated in Figure 8.11, lower nominal loads are modelled to
increase cornering stiffness, reduce the vertical load at which peak forces are generated,
and steepen force reduction in the saturated region. These tyre characteristics, though
theoretical in nature, enable an exploratory analysis of tyre properties most effective in
maximising the performance gains delivered by active aerodynamics and ATD.

The original tyre was selected to reach peak force near the maximum vertical load en-
countered during cornering, as recommended by Seward (41). As shown in Table 8.7,
optimised tyres with lower nominal loads reduce lap times by over 2% for AWD and
by about 1.5% for ATD configurations. The optimal nominal loads significantly differ
between powertrains, with AWD setups benefiting from 0.68F¢ and ATD from 0.77F}.

Variations in optimised nominal tyre loads across aerodynamic setups are within 0.6%
for both powertrain configurations, indicating reduced sensitivity to aerodynamic setup.
However, the influence of active aerodynamics on lap time gains differs notably between
the AWD and ATD setups. With optimised tyres, the lap time improvements of configu-
rations C3 and C4 over the C1 are approximately 8% lower than with standard tyres. In
contrast, for the ATD configurations, the lap time gains of C3-ATD and C4-ATD over C1-
ATD increase by over 15% when using optimised tyres compared to the standard tyres.
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Figure 8.11: Tyre force, representing longitudinal and lateral components, as a function
of vertical tyre load for the original nominal load F;y, and optimised loads of 0.68 Fy
(AWD) and 0.77 F;o (ATD).
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Table 8.7: Lap time results for each vehicle configuration with original and optimised
tyres. Improvements are expressed relative to the respective static aerodynamic configu-
ration of the same powertrain and tyre setup.

Original tyre Optimised tyre

. Lap A Lap A Lap Lap A Lap ALap  Nominal
Configuration time (s) time (s) time (%) time (s) time (s) time (%) tyre load
Cl 120.196 - - 117.447 - - 0.684 Fy
C3 119.452  0.744 0.62 116.780  0.667 0.57 0.684 F
Cc4 119.281 0.915 0.76 116.620  0.827 0.70 0.683 F
C1-ATD 114.558 - - 112.934 - - 0.770 Fy
C3-ATD 114.064  0.494 0.43 112.307  0.627 0.56 0.767 Fy
C4-ATD 113.893  0.665 0.58 112.177  0.757 0.67 0.765 Fy

The GG diagrams in Figure 8.12 show that the performance gains achieved with optimised
tyres stem primarily from increased combined longitudinal and lateral accelerations, par-
ticularly during trail braking and corner exits. The GG areas expand by over 15% for
AWD and 7% for ATD configurations, aligning with the greater absolute lap time im-
provements observed for AWD setups.

Figure 8.13 shows tyre forces during high-demand trail braking and corner exit scenarios,
illustrating how tyre characteristics affect performance across configurations relative to
the original tyre. For AWD setups, torque application to an axle is limited by the tyre
with the least grip on that axle. In contrast, ATD configurations allocate torque to each
individual wheel, fully utilising the available grip of each tyre. The original tyre (blue)
demonstrates a trade-off in tyre selection, with its peak force occurring near the maximum
vertical load experienced. While this favours the most heavily loaded tyre, it reduces grip
for less loaded tyres, limiting combined force generation. This trade-off is particularly
impactful for AWD systems due to their axle-based torque allocation.

Optimised tyres for AWD configurations (orange) feature lower nominal vertical loads,
peaking near the load experienced by the second most heavily loaded tyre. These charac-
teristics enhance grip on the underloaded inside tyres through increased cornering stiff-
ness, allowing greater torque allocation to each axle. While this compromises lateral force
on the most heavily loaded tyre, which now operates in the saturated region, overall tyre
force utilisation is improved, yielding notable performance gains.

For ATD configurations, optimised tyres (yellow) exhibit slightly higher nominal vertical
loads than their AWD counterparts, peaking between the loads experienced by the two
most heavily loaded outside tyres. Since ATD systems reduce the dependency on enhanc-
ing grip for the most underloaded tyres, these optimised characteristics provide a more
balanced distribution of grip across all tyres. The tyres avoid excessive force reduction on
heavily loaded tyres while maintaining improved grip for less loaded tyres. This balance
enhances combined tyre force utilisation, delivering the highest overall performance.
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Figure 8.12: GG-diagrams, presenting longitudinal versus lateral acceleration, for con-
figurations (a) C1, (b) C3, (c) C4, (d) C1-ATD, (e) C3-ATD, and (f) C4-ATD with the
original nominal tyre load F;o and their respective optimised nominal tyre load.
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Figure 8.13: Absolute tyre forces during (a) corner exit acceleration at a slip angle of 4°
and a slip ratio of 0.05, and during (b) trail braking at a slip angle of 3° and a slip ratio
of -0.07. Grey shaded bars indicate typical vertical tyre loads for the front inside/outside
Fiu/Fyye (N) and rear inside/outside R;,/R,,; (N) tyres for each scenario.
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8.4 Conclusion

This study explored the performance potential of integrating active aerodynamic systems
with ATD through comprehensive minimum lap time simulations. By optimising the
vehicle’s trajectory, control inputs, and selected design parameters, the analysis evalu-
ated various active aerodynamic configurations paired with AWD and ATD powertrains.
Performance was assessed on the Circuit de Barcelona-Catalunya, providing valuable in-
sights into performance gains, control strategies, vehicle setups, and tyre characteristics.

The results showed that ATD systems achieved lap time reductions of approximately 4.8%
compared to AWD configurations, with additional improvements of up to 5.4% when
combined with active aerodynamic systems. The AWD configuration favoured a lower
downforce static aerodynamic setup to balance drag, while the ATD configuration bene-
fited from a higher downforce setup to maximise overall tyre grip.

Active aerodynamics further enhanced performance relative to static setups, reducing lap
times by up to 0.76% for AWD and 0.58% for ATD powertrains. In both cases, the con-
figuration with 2D active aerodynamic systems capable of asymmetric actuation delivered
the greatest gains. Increasing aerodynamic adaptability shifted the optimal brake balance,
torque distribution, and roll stiffness distribution rearward due to the improved control
over rear axle downforce. ATD configurations benefited from more forward roll stiffness
distributions, leveraging their ability to utilise front axle grip more effectively.

ATD configurations demonstrated superior performance by dynamically allocating torque
to the heavily loaded tyres, utilising tyre grip more effectively compared to AWD config-
urations. This capability resulted in significantly higher combined accelerations during
braking and cornering scenarios. The performance gains from active aerodynamics were
influenced by the characteristics of the respective static setups. For AWD configura-
tions, braking and cornering performance improved primarily through increased down-
force, while for ATD configurations, straight-line acceleration and top speed benefited
from reduced drag. Asymmetric aerodynamic control further enhanced performance for
both powertrains by generating lateral aerodynamic forces and prioritising downforce on
underloaded tyres, increasing overall tyre grip.

Control inputs for both symmetric and asymmetric active aerodynamic systems showed
more frequent adjustments for AWD configurations compared to ATD configurations, as
AWD configurations required continuous balancing of loads across grip-limited tyres on
each axle. In contrast, ATD configurations maintained more consistent high-downforce
settings, leveraging dynamic torque allocation to optimise tyre grip utilisation.

Tyre characteristics were also crucial in maximising performance. AWD configurations
benefited from tyres with lower nominal vertical loads and higher cornering stiffness, pri-
oritising grip on the most underloaded tyres to enable greater torque application to each
axle, while compromising lateral grip on the heavily loaded tyres. In contrast, torque
application for ATD configurations is not limited by the least available tyre grip on an
axle, which therefore performed better with tyres featuring slightly higher nominal verti-
cal loads and lower cornering stiffness. These more balanced properties minimised grip
losses on heavily loaded tyres while maintaining adequate grip for less loaded tyres.
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Overall, this research demonstrated the substantial performance benefits of combining
active aerodynamic systems with active torque distribution. The findings quantified the
extent of performance improvements and uncovered the underlying mechanisms driv-
ing these gains. Additionally, the study introduced an effective optimisation simulation
framework capable of evaluating vehicle performance and guiding decisions on vehicle
setup and tyre selection. This framework offers significant potential for broader applica-
tions in the development and optimisation of other active vehicle systems. Collectively,
this work provides a strong foundation for advancing active aerodynamic systems for
next-generation automotive and motorsport vehicles.

Data Availability Statement

The minimum lap time simulation framework and the corresponding generated perfor-
mance data supporting this study are openly available from Cranfield Online Research
Data at: https://dspace.lib.cranfield.ac.uk/handle/1826/23604. (42)
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Chapter 9

General Discussion

This chapter provides a comprehensive reflection on the research, synthesising the scope,
methodologies, and key findings of each research phase defined in Section 1.3. By com-
paring studies and integrating results, it identifies overarching trends, interdependencies,
and complementary insights while addressing any discrepancies. Subsequently, the chap-
ter discusses the research contributions and their real-world implications. Finally, it out-
lines opportunities for future research, providing direction for further advancements in
high-performance vehicle aerodynamics and active aerodynamic systems.

9.1 Synthesis of Research Phases

9.1.1 Phase 1: Development of Methodological Foundation

The first research phase aimed to establish a rigorous methodological foundation suited
for the assessment of the aerodynamic complexities of high-performance vehicles. Using
the DrivAer hp-F vehicle model, it focused on developing a cost-effective Computational
Fluid Dynamics (CFD) workflow that balances predictive accuracy and computational
efficiency, ensuring its applicability for the extensive analyses of operating conditions
and active aerodynamic systems in later phases. Additionally, it sought to establish a
structured wind tunnel correlation process for consistent data interpretation and validation
to support the integration of experimental and numerical analyses throughout the research.

9.1.1.1 Approach

To achieve these objectives, a meshing strategy that balances resolution and computa-
tional expense was developed through a grid independence study in Chapter 2. To ensure
predictive accuracy while maintaining practical computation times, multiple Reynolds-
Averaged Navier—Stokes (RANS) turbulence models were evaluated against wind tun-
nel measurements and high-fidelity Delayed Detached Eddy Simulation (DDES) results
across a range of ride heights. Additionally, a numerical approach replicating wind tunnel
conditions was deployed to provide deeper insights into wind tunnel-induced effects and
improve the interpretation of discrepancies between CFD and experimental data.
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9.1.1.2 Key Findings

A key outcome of this research phase was the identification of the k-w SST model as
the most consistently accurate among the considered RANS approaches. It demonstrated
high predictive accuracy, reproducing experimental downforce and drag trends with pre-
dictions within 2.5% of high-fidelity DDES results, while operating approximately 75
times faster using only half the computational resources. Beyond force trends, it generally
exhibited the highest agreement with DDES results in capturing flow field characteristics,
reinforcing its suitability for computationally efficient aerodynamic analyses.

However, Chapter 3 demonstrated the model’s limitations at critically low ride heights,
where highly unsteady flow behaviour dominated aerodynamic performance. In these
conditions, the k-@ SST model failed to capture vortex instability and transitional flow
separation observed in DDES results, leading to significant deviations from experimental
force trends. In contrast, DDES simulations accurately reproduced experimental trends
across the full ride height range, showing that downforce initially increased with decreas-
ing ride height due to underbody flow acceleration and diffuser vortex strengthening, be-
fore abruptly declining as the vortices destabilised and severe flow separation occurred.

Insights from the numerical correlation process revealed that wind tunnel blockage in-
duced a dynamic pressure rise, which, for the considered case, increased downforce and
drag by approximately 10% and 15%, respectively, compared to open-road conditions.
While conventional blockage correction methods provided reasonable estimates of this
pressure rise, they did not account for its unequal influence on downforce and drag. Addi-
tionally, interference from the overhead measurement system reduced downforce and drag
by nearly 5% and 10%, respectively, further underscoring the importance of considering
facility-induced effects.

9.1.1.3 Comparative Remarks

The numerical correlation process developed in this phase was later applied in Chapters
4 and 5 to systematically correlate CFD simulations with wind tunnel experiments, sup-
porting data interpretation and validation practices. The current section seeks to discuss
the predictive accuracy of the CFD methodology along with sources of discrepancies be-
tween CFD and experiments across the chapters, reinforcing confidence in the established
methodology, clarifying its limitations, and supporting correlation processes.

Validation results from Chapter 2, Chapter 3, and Chapter 5 demonstrated consistent pre-
dictive trends for the k-@ SST model under moving ground conditions. In relatively
steady flow scenarios, the model accurately reproduced experimental force trends with a
near-constant 10% downforce overprediction, coupled with a slight drag underprediction
across the validation cases. However, as aerodynamic performance became increasingly
dominated by highly unsteady flow behaviour, such as at critically low ride heights in
Chapter 3 or near the rear wing’s stall angle in Chapter 5, the model transitioned to slight
downforce underprediction. This shift was likely due to its tendency to predict abrupt
flow transitions, failing to capture transitional flow separation observed in the DDES sim-
ulations, as discussed in Chapter 3.
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In contrast, validation against wind tunnel measurements without a moving ground in
Chapter 4 revealed significantly larger downforce overpredictions, nearly five times great-
er than those observed in moving ground conditions. This discrepancy was primarily
attributed to differences in the ground boundary layer, which was affected by wind tunnel
floor irregularities and imperfect boundary layer suction. Furthermore, while the k-w SST
model reliably captured dominant wake structures, it demonstrated stronger agreement
with slant surface pressure distributions than with highly unsteady wake pressure data,
reinforcing previously observed trends in moving ground validations.

9.1.1.4 Summary

This research phase successfully achieved Objective 1, establishing a cost-effective CFD
workflow and a structured wind tunnel correlation process to support subsequent aerody-
namic analyses. The k-@ SST model was identified as a computationally efficient RANS
approach that demonstrated strong predictive accuracy, with validation results across mul-
tiple chapters reinforcing its reliability and consistency for general aerodynamic analyses
and comparative studies. However, in conditions where aerodynamic performance was
dominated by highly unsteady flow behaviour, such as critically low ride heights, higher-
fidelity simulations like DDES were required to capture complex unsteady phenomena,
including vortex instability and severe flow separation.

The numerical wind tunnel correlation methodology proved effective in identifying and
quantifying wind tunnel-induced effects, underscoring the importance of replicating ex-
perimental conditions in CFD to enhance correlation and improve data interpretation.
Validation results across later chapters further reinforced its effectiveness, enabling setup-
specific investigations into sources of discrepancies and strengthening confidence in com-
bined experimental and numerical analyses. Ultimately, this phase established a robust
methodological foundation that underpinned the aerodynamic investigations in subse-
quent research phases, ensuring a consistent and practical framework for evaluating aero-
dynamic performance and active aerodynamic systems in real-world operating conditions.

9.1.2 Phase 2: Aerodynamic Analysis and Active Aerodynamic De-
sign Evaluation

Building on the methodological framework established in the first phase, this research
phase focused on analysing the aerodynamic behaviour of the DrivAer hp-F model in
real-world operating conditions, specifically yaw and cornering. The objective was to
investigate how these conditions influence flow field characteristics and impact overall
aerodynamic performance. Additionally, this phase focused on evaluating the effective-
ness of 2D active aerodynamic systems in modulating the aerodynamic balance both lon-
gitudinally and laterally to enhance cornering performance. Where possible, wind tunnel
experiments were conducted alongside CFD simulations, ensuring a comprehensive and
validated understanding of aerodynamic behaviour under dynamic operating conditions.
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9.1.2.1 Approach

The aerodynamic effects of yaw were examined in Chapter 4 through a series of wind
tunnel experiments and CFD simulations on the baseline, spoiler-equipped, and rear wing-
equipped DrivAer hp-F configurations. The experiments measured aerodynamic forces,
surface pressures, and wake pressures across a range of yaw angles. CFD simulations
following the methodology established in the first phase were conducted to replicate the
wind tunnel conditions, improving the interpretation of experimental data. Additionally,
the methodology was extended with a mesh interface technique to eliminate the need for
re-meshing at each yaw angle, enhancing computational efficiency.

The influence of cornering on aerodynamic performance was investigated in Chapter 5
by analysing the DrivAer hp-F with a rear wing across various cornering scenarios and
comparing the results to straight-line conditions. The methodology developed in the first
research phase was refined with modified inlet and outlet positions, a moving reference
frame, and an overset mesh technique, enabling the efficient simulation of multiple driv-
ing conditions with different vehicle operating states. To complement the simulations,
moving ground wind tunnel experiments were conducted to measure aerodynamic forces
at varying rear wing angles. CFD simulations replicating these conditions were performed
to facilitate validation and support data interpretation.

The aerodynamic behaviour and performance impact of 2D active aerodynamic systems
during cornering were assessed in Chapter 6. Two high-performance vehicle concepts
featuring split wing and tilt wing designs, capable of modulating aerodynamic balance
both longitudinally and laterally, were introduced. A control strategy was implemented,
linking front and rear wing settings on each side of the vehicle to maintain a target aerody-
namic balance range. Aerodynamic data was obtained through CFD simulations using the
methodology established in Chapter 5 and integrated with a steady-state vehicle dynamics
model to evaluate the impact on cornering performance.

9.1.2.2 Key Findings

The yaw analysis in Chapter 4 demonstrated that across a 20° yaw range, lift on the
baseline DrivAer hp-F more than doubled, while drag increased by over 25%. Adding
a spoiler or rear wing enhanced downforce but also increased yaw sensitivity by approx-
imately 25% and 30%, respectively. Side force increased nearly linearly with yaw an-
gle, with the spoiler and rear wing configurations generating about 5% and 10% higher
peak side forces. Flow field analyses identified several mechanisms contributing to these
aerodynamic changes, including enhanced wheel wake interference reducing underbody
downforce, flow acceleration over windward upper surfaces amplifying lift, and altered
flow interactions with aerodynamic devices diminishing their effectiveness. Additionally,
wake characteristics became highly asymmetric, dominated by an inboard-rotating vortex
that intensified with yaw angle, increasing pressure drag.
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The cornering analysis in Chapter 5 showed downforce and drag penalties of up to 20%
and 35%, respectively, with severity dependent on corner radius. These effects were
primarily driven by increased underbody wheel wake interference reducing downforce,
flow acceleration over upper surfaces amplifying lift, and reductions in base pressure
increasing drag. Lateral pressure gradients induced a centripetal force that became more
pronounced in tighter corners. Additionally, significant wake asymmetries developed,
with a spanwise recirculation vortex forming on the inboard side and interacting with a
streamwise wake structure on the outboard side. The rear wing exhibited strong sensitivity
to cornering, with notable changes in vortical flow and pressure distribution, diminishing
its aerodynamic performance.

The evaluation of the aerodynamic load modulation capabilities of the two 2D active
aerodynamic systems introduced in Chapter 6 identified the tilt wing concept as the most
effective configuration. It generated nearly twice the aerodynamic roll moment of the
split wing concept and provided a more direct response to the control strategy. As a re-
sult, the tilt wing concept improved maximum cornering velocity by 2% over a symmetric
maximum-downforce setup, whereas the split wing concept achieved a 0.5% gain. Be-
yond improving cornering performance, both systems enhanced aerodynamic efficiency
by optimising downforce distribution, reducing drag-related propulsion power demands
by 15%-20% compared to the symmetric maximum-downforce configuration in the anal-
ysed cornering conditions.

9.1.2.3 Comparative Remarks

This research phase provided key insights into how yaw and cornering conditions influ-
ence flow field characteristics and aerodynamic performance. To better understand their
relationship, this section compares findings from both studies, identifying areas of agree-
ment and variation.

Experimental findings are first considered, where the yaw study in Chapter 4 measured
forces on both the vehicle and stationary wheels using an underfloor balance without a
moving ground, whereas the straight-line experiments in Chapter 5 employed a moving
ground with rotating wheels, measuring only vehicle body forces using an overhead bal-
ance. The stationary ground setup recorded approximately half the downforce measured
with the moving ground, while drag remained comparable. While this discrepancy is
partly due to the measurement configurations, it underscores the significant role of repli-
cating ground effect in high-performance vehicle aerodynamics.

To assess the relative influence of yaw and cornering on aerodynamic performance, con-
ditions with equivalent flow impact angles are compared. For a 5° yaw case and a 5.75L
radius corner, yaw increased lift by ACy, ~ 0.10, whereas lift remained largely unchanged
during cornering relative to the corresponding straight-line scenarios. Conversely, the
drag penalty in yaw was 60% lower than in cornering, while the side force increase was
more than twice as large. A similar trend was observed at 10° yaw and the equivalent 2.9L
radius corner, with yaw inducing more than four times the lift increase seen in cornering,
accompanied by a 60% smaller drag penalty and a threefold greater side force increment.
These results demonstrate that yaw conditions amplify lift and side forces more strongly,
whereas cornering imposes comparatively higher drag penalties.
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These force trends correspond to differences in the vehicle’s surface pressure distribution
between yaw and cornering conditions. During cornering, the relative flow angle varies
along the vehicle’s longitudinal axis, decreasing near the centre before reversing toward
the rear, whereas in yaw it remains constant. As a result, the pressure distribution near
the nose in cornering resembles that of a positive yaw angle, while the pressure near the
rear aligns with that of an opposite yaw angle. The uniform flow angle in yaw promotes
stronger flow acceleration over the upper surfaces and intensifies wheel wake interference
along the underbody, contributing to the larger lift increments observed in these condi-
tions. Additionally, the orientation of the resultant aerodynamic forces relative to the
vehicle’s trajectory contributes to smaller drag penalties but larger side force increases in
yaw conditions.

While yaw and cornering produce distinct aerodynamic effects, similarities emerge at the
front and rear of the vehicle, where the local flow angle aligns more closely between
the two conditions. Given the challenges of replicating full cornering scenarios in wind
tunnel experiments, measurements in yaw conditions could provide valuable insights into
the sensitivity of front- and rear-mounted aerodynamic devices to varying flow conditions,
informing their behaviour during cornering. Additionally, the significant downforce vari-
ation between stationary and moving ground experiments highlights the critical role of
ground effect, reinforcing the necessity of a moving ground setup when assessing full
aerodynamic performance.

9.1.2.4 Summary

This research phase addressed Objective 2 through Chapter 4, which analysed the aero-
dynamic effects of yaw on three high-performance vehicle configurations using com-
bined experimental and numerical investigations. Chapter 5 achieved Objective 3 by
examining the influence of various cornering conditions on the aerodynamic character-
istics of a high-performance vehicle and its rear wing relative to straight-line conditions
through CFD simulations and wind tunnel measurements. Finally, Chapter 6 addressed
Objective 4 by evaluating 2D active aerodynamic concepts in various cornering condi-
tions, demonstrating their ability to modulate aerodynamic balance and enhance cornering
performance.

Overall, this research phase provided a comprehensive characterisation of aerodynamic
performance in yaw and cornering conditions. It also presented an evaluation of 2D active
aerodynamic systems in enhancing cornering performance, with the tilt wing concept
proving most effective. The findings of this research phase formed a solid foundation
for the subsequent phase, which shifts toward performance-oriented analyses of active
aerodynamic systems in representative on-track driving scenarios.
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9.1.3 Phase 3: Performance Optimisation and Analysis of Active
Aerodynamic Systems

Building upon the preceding analysis of 2D active aerodynamic systems during cornering,
the final research phase focused on evaluating the influence of active aerodynamic systems
on overall vehicle performance in on-track driving scenarios. Additionally, it explored a
complementary research direction, identified in collaboration with the Vehicle Dynamics
and Control group at Cranfield University, aimed at examining the performance of active
aerodynamic systems when integrated with advanced powertrain architectures capable of
active torque distribution (ATD). This research phase sought to establish a quantitative
understanding of the performance impact of various active aerodynamic configurations,
including 2D active aerodynamic systems, while identifying underlying mechanisms and
control strategies driving their performance enhancements.

9.1.3.1 Approach

The influence of active aerodynamic systems on vehicle performance was investigated in
Chapter 7 using a minimum lap time simulation framework that simultaneously optimised
the vehicle’s trajectory, control inputs, and selected design parameters. This framework
was extended to enable the optimisation of vehicle performance with varying levels of
active aerodynamic control, incorporating aerodynamic data derived from CFD simula-
tions following the methodology established in the second research phase. The analysis
considered a range of aerodynamic configurations, including static, active, and 2D active
systems, evaluated over a lap of the Circuit de Barcelona-Catalunya.

The performance potential of active aerodynamics when integrated with ATD was exam-
ined in Chapter 8 through lap time simulations on the Circuit de Barcelona-Catalunya.
This study further extended the minimum lap time simulation framework to support per-
formance evaluation across a range of aerodynamic and torque distribution configurations.
In addition to optimising selected vehicle design parameters, the framework was enhanced
to include the optimisation of the tyres’ nominal vertical load. This extension facilitated
an investigation into the influence of vehicle setup and tyre characteristics on maximising
the performance gains from active aerodynamics and ATD.

9.1.3.2 Key Findings

The results from Chapter 7 demonstrated that active aerodynamic configurations sig-
nificantly enhanced vehicle performance compared to static aerodynamic setups, with
improvements in braking, cornering, acceleration, and straight-line speed. The 2D ac-
tive aerodynamic configuration achieved the greatest lap time reduction of approximately
0.92 5 (0.76%) by modulating downforce laterally between the inboard and outboard tyres,
improving grip and enabling higher longitudinal and lateral accelerations.

Optimal control strategies revealed that performance gains were driven by the active ad-
justment of aerodynamic elements to counteract vertical tyre load shifts induced by load
transfer. Configurations featuring symmetric control of either the rear wing alone or both
the front and rear wings adjusted wing angles in a manner generally opposing longitudinal
load transfer, redistributing downforce to support the underloaded axle.
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The 2D active aerodynamic systems further optimised load distribution by prioritising
downforce on the most underloaded tyres during scenarios with combined longitudinal
and lateral load transfers. Additionally, increasing aerodynamic adaptability led to pro-
gressively rearward shifts in the optimal brake balance, torque distribution, and roll stiff-
ness distribution. These trends reflected the improved aerodynamic control over the rear
axle, enabling more effective tyre utilisation during braking and acceleration while ac-
commodating greater lateral load transfer during cornering.

The results presented in Chapter 8 demonstrated a substantial performance difference be-
tween conventional all-wheel-drive (AWD) and more advanced ATD powertrain configu-
rations. When combined with a static aerodynamic setup, the ATD configuration achieved
an approximately 5.64 s (4.80%) faster lap time, attributed to its capacity to dynamically
allocate drive and brake torque to individual wheels, thereby optimising tyre force util-
isation. In contrast, AWD configurations are limited to axle-based torque distribution,
which is constrained by the most grip-limited tyre on each axle. The improved traction
utilisation offered by ATD enabled higher combined longitudinal and lateral accelera-
tions, particularly during trail braking and corner exits, and resulted in enhanced steering
response and greater handling predictability.

The integration of active aerodynamics further enhanced the performance of ATD config-
urations, reducing lap times by up to 0.67 s (0.58%), with the 2D active aerodynamic sys-
tem yielding the greatest gains. Control strategies revealed that conventional active aero-
dynamic setups generally adjusted wing angles inversely with longitudinal load transfer,
distributing downforce to the most underloaded axle. Meanwhile, the 2D active aerody-
namic configuration provided a more refined response by prioritising downforce on the
most underloaded tyres in conditions involving both longitudinal and lateral load transfer.

Increasing aerodynamic adaptability resulted in a progressively rearward shift in the op-
timal roll stiffness distribution, driven by greater aerodynamic influence on the rear axle
and a corresponding increase in its capacity to accommodate lateral load transfer. Addi-
tionally, optimisation of nominal tyre loads underscored the critical role of tyre charac-
teristics, improving the lap time of the ATD configuration with static aerodynamics by
1.62 s (1.40%). Tyre characteristics also influenced the effectiveness of active aerody-
namic systems on the ATD configurations. The 2D active aerodynamic setup achieved a
lap time reduction of 0.76 s (0.67%) when paired with optimised tyres, representing an
approximately 15% greater improvement than that achieved with standard tyres.

9.1.3.3 Comparative Remarks

To provide deeper insight into the performance potential of active aerodynamics across
different powertrain configurations, this section discusses their achieved lap time im-
provements, control strategies, and optimal vehicle setups when integrated with AWD
and ATD powertrains. Starting with optimised static aerodynamic setups, the AWD con-
figuration employed a moderately low-downforce setup to balance drag for straight-line
performance. In contrast, the ATD configuration adopted a high-downforce setup to max-
imise tyre grip during dynamic manoeuvres.
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This distinction arises from the ATD configuration’s capability to distribute torque be-
tween individual wheels, enabling more effective utilisation of the additional tyre grip
provided by the high-downforce setup. The associated increase in drag compromises
straight-line performance but is offset by enhanced traction during cornering. Consistent
with this behaviour, the ATD configuration adopted a slightly more front-biased roll stiff-
ness distribution than the AWD setup, reflecting its improved capacity to exploit front
axle grip.

Torque distribution capabilities also influenced the optimal aerodynamic control strate-
gies. Both the symmetric and 2D active systems exhibited less frequent adjustments and
generally higher downforce settings in ATD configurations compared to AWD. In AWD
setups, more continuous adjustments were required to balance aerodynamic loads across
the most grip-limited tyres on each axle, which constrain the axle-based torque allocation.

In terms of lap time gains, the symmetric and 2D active aerodynamic setups improved
lap times for the AWD configuration by approximately 0.25 s more than for the ATD
configuration, corresponding to 40% and 30% greater relative gains, respectively. These
differences partially stem from the characteristics of their respective baseline static aero-
dynamic setups, which influence whether performance gains arise primarily from in-
creased downforce during dynamic manoeuvres or from improved aerodynamic efficiency
on straights.

Tyre characteristics optimisation based on the nominal vertical load revealed a significant
influence on the effectiveness of active aerodynamics. AWD configurations performed
best with tyres featuring lower nominal vertical loads and higher cornering stiffness,
which prioritised grip on underloaded tyres, enabling greater torque application to each
axle, albeit at the expense of reduced lateral grip on the most heavily loaded tyres. In con-
trast, ATD configurations, unconstrained by axle-based grip limitations, benefited from
tyres with slightly higher nominal loads and lower cornering stiffness. These more bal-
anced characteristics reduced grip losses on heavily loaded tyres while maintaining suf-
ficient grip on less loaded tyres. With optimised tyres, the lap time gains from the active
aerodynamic systems became more comparable across both powertrains, underscoring
the critical role of tyre characteristics in maximising the benefits of active aerodynamics.

9.1.3.4 Summary

This research phase successfully addressed Objective 5 through the investigations pre-
sented in Chapter 7, which evaluated the performance potential of active aerodynamic
systems and the underlying mechanisms driving their gains. The analysis employed a
minimum lap time simulation framework, incorporating CFD-derived aerodynamic data
and detailed vehicle modelling, to assess system performance over a lap of the Circuit de
Barcelona-Catalunya. Objective 6 was fulfilled in Chapter 8, which extended the study to
consider active aerodynamic systems integrated with active torque distribution. This in-
vestigation identified key performance trends across different powertrain configurations,
emphasising both their individual and combined contributions, and demonstrated the im-
portance of tyre characteristics in maximising overall vehicle performance.
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Overall, this phase demonstrated the effectiveness of active aerodynamic systems in en-
hancing vehicle performance, offering key insights into lap time improvements, optimal
control strategies, and the influence of vehicle and tyre setup on system effectiveness.
Beyond advancing the understanding of active aerodynamics, including 2D systems ca-
pable of modulating aerodynamic balance both longitudinally and laterally, the integrated
methodology established a comprehensive simulation framework for optimising and eval-
uating the impact of active aerodynamics on vehicle performance. The findings, together
with the published simulation framework, provide a strong foundation for future devel-
opments in active aerodynamics and support continued innovation in high-performance
vehicle engineering.

9.2 Research Contributions and Implications

This section outlines the key research contributions of this thesis and their broader im-
plications. It presents methodological advancements, findings from experimental and
numerical aerodynamic analyses, and insights gained through simulation-based perfor-
mance evaluations.

A key contribution of this research was the development of a cost-effective numeri-
cal workflow tailored for high-performance vehicle aerodynamics. Through systematic
meshing strategy development, turbulence model evaluation, and wind tunnel correlation
methodologies, this workflow enabled computationally efficient simulations with high
predictive accuracy. Successfully applied across varying flow conditions, it demonstrated
strong consistency, increasing confidence in its predictive capabilities. Additionally, the
structured correlation approach improved validation processes and experimental data in-
terpretation, providing a framework for accurate and practical aerodynamic analyses in
both research and industry.

The numerical analysis of ride height dependency provided new insights into the com-
plex flow phenomena governing aerodynamic performance in ground effect. The study
demonstrated the crucial role of vortex structures in sustaining diffuser performance and
identified critical low ride heights where vortex breakdown caused abrupt aerodynamic
performance losses. These findings advance the understanding of diffuser aerodynamics,
offering valuable insights for future research and the improvement of underbody aerody-
namic design in high-performance vehicles.

The experimental and numerical investigation of yaw conditions advanced the understand-
ing of yaw-induced aerodynamic effects on high-performance vehicles. The study iden-
tified key flow field alterations and their impact on aerodynamic performance, offering
insights to support vehicle design improvements for enhanced performance in yaw con-
ditions. Furthermore, the published experimental datasets, including wind tunnel mea-
surements of forces, surface pressures, and wake pressures in yaw conditions, expanded
the limited experimental database on vehicle aerodynamics. These datasets serve as valu-
able validation resources for researchers and practitioners, with current applications in
industry reinforcing their real-world impact.
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The analysis of cornering conditions provided new insights into the aerodynamic be-
haviour of high-performance vehicles. It identified key corner-induced effects on flow
field characteristics, including rear wing interactions and their impact on overall aerody-
namic performance. These findings support the development of improved vehicle designs
for enhanced aerodynamic performance during cornering. The study also introduced an
effective methodology for evaluating a wide range of vehicle setup configurations across
various operating conditions, integrating overset meshing with a moving reference frame,
delivering a streamlined workflow for future analyses. The accompanying published ex-
perimental dataset, featuring force measurements at varying rear wing angles under mov-
ing ground conditions, expanded the limited database on vehicle aerodynamics, support-
ing researchers and industry practitioners in refining aerodynamic modelling approaches.

The design and evaluation of two 2D active aerodynamic configurations, implemented
as split and tilt wing concepts, provided key insights into their ability to influence aero-
dynamic balance both longitudinally and laterally. By comparing their aerodynamic ca-
pabilities and impact on cornering performance, the study identified the most effective
concept and demonstrated the advantages of modulating aerodynamic balance laterally.
These findings advance the understanding of 2D active aerodynamic systems and their
influence on vehicle performance, supporting future research and development in both
conventional and 2D active aerodynamic systems.

The investigation into the performance potential of active aerodynamic systems, including
the 2D tilt wing concept, provided key insights into their effectiveness across a range of
on-track driving scenarios. Using a comprehensive minimum lap time simulation frame-
work, the study quantified the performance gains of various active aerodynamic configu-
rations, identified optimal control strategies, and evaluated the influence of vehicle setup
on maximising system effectiveness. These findings advance the understanding of the
role of active aerodynamics, including 2D systems, in enhancing vehicle performance,
providing a strong foundation for further academic research and industry developments.

The extended research into active aerodynamics integrated with active torque distribu-
tion (ATD) yielded new insights into their individual and synergistic contributions to
vehicle performance. Analysis of their interaction revealed the mechanisms underpin-
ning performance gains, shifts in optimal vehicle setup, and the critical influence of tyre
characteristics in maximising their effectiveness. Collectively, these findings advance the
understanding of the performance of active aerodynamics integrated across different pow-
ertrain architectures and provide support for future research and development toward their
application in next-generation high-performance vehicles.

The extended functionalities integrated into the minimum lap time simulation framework
enable performance optimisation across various active aerodynamic and torque distribu-
tion configurations, including the simultaneous optimisation of design parameters and
tyre characteristics. The published framework demonstrated its effectiveness in support-
ing comprehensive performance analyses throughout this research and serves as a valuable
tool for future studies on active aerodynamics and related vehicle systems. Additionally,
it could support informed decision-making in development processes and pre-event setup
planning within industry applications.

250



Chapter 9. General Discussion 9.2. Research Contributions and Implications

Overall, this research made fundamental contributions to the field of high-performance
vehicle aerodynamics by advancing methodological approaches, expanding the experi-
mental database, deepening the understanding of aerodynamic effects in dynamic op-
erating conditions, and demonstrating the performance potential of active aerodynamic
systems. These methodological, empirical, theoretical, and technical contributions have
significant implications for both academia and industry, supporting future research and
development on vehicle aerodynamics and active aerodynamic systems. A summary of
the key contributions is provided below:

1.

Development of a cost-effective CFD workflow for high-performance vehicle aerody-
namics, integrating a refined meshing strategy, turbulence model evaluation, and wind
tunnel correlation methodology. This framework provides a structured reference for
practical aerodynamic simulations, supporting both research and industry applications.

. Identification of critical ride height dependencies in high-performance vehicle aero-

dynamics through numerical analysis, revealing vortex-driven diffuser performance
mechanisms and the onset of vortex breakdown with its detrimental effects at critically
low ride heights. These findings advance knowledge of underbody aerodynamics and
inform their design for enhanced performance and stability.

. Characterisation of yaw-induced aerodynamic effects through combined experimental

and numerical investigations, identifying key flow field alterations and their impact on
aerodynamic performance. These findings deepen the understanding of vehicle aero-
dynamics in yaw conditions and provide insights for improving aerodynamic design
in dynamic operating conditions.

Analysis of the aerodynamics of a high-performance vehicle with a rear wing in
straight-line and cornering conditions using wind tunnel experiments and CFD sim-
ulations, revealing corner-induced flow field changes and their impact on aerodynamic
performance. This study refines cornering simulation methodologies and advances the
understanding of vehicle aerodynamics during cornering, informing vehicle and rear
wing design for improved performance in dynamic driving conditions.

. Design and evaluation of two 2D active aerodynamic systems, developed as split and

tilt wing concepts, using CFD simulations and steady-state cornering performance
analysis, demonstrating their ability to modulate aerodynamic balance both longitudi-
nally and laterally, along with their impact on cornering performance. These findings
advance the understanding of 2D active aerodynamic systems and support research
aimed at enhancing vehicle performance through active aerodynamics.

Optimisation and analysis of vehicle performance with active aerodynamic systems,
including 2D configurations, using a minimum lap time simulation framework, identi-
fying performance gains, optimal control strategies, and vehicle setup considerations.
These findings advance knowledge on the performance potential of active aerodynam-
ics and provide a foundation for further research and development on active aerody-
namics for automotive and high-performance vehicles.
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7. Optimisation and evaluation of active aerodynamics combined with active torque dis-
tribution using minimum lap time simulations, identifying individual and combined
performance gains, key performance-enhancing mechanisms, and optimal vehicle set-
up and tyre characteristics. The findings advance the understanding of active aerody-
namics integrated with different powertrain architectures and support future research
into their application in automotive and high-performance vehicles.

8. Expansion of the limited experimental database on vehicle aerodynamics through pub-
licly available datasets comprising wind tunnel measurements of forces, surface pres-
sures, and wake pressures in yaw conditions, as well as force measurements at varying
rear wing angles under moving ground conditions. These datasets serve as essential
validation resources for aerodynamic research and development, with their active use
in industry highlighting their practical relevance.

9. Extension of an existing minimum lap time simulation framework, enhancing its capa-
bilities to optimise vehicle performance across active aerodynamic and torque distribu-
tion configurations, alongside parametric optimisation of vehicle setup and tyre char-
acteristics. This publicly available extension serves as a valuable resource for future
research on active aerodynamics and related vehicle systems, as well as for supporting
decision-making in vehicle development and pre-event setup planning.

9.3 Future Work

While this research has successfully achieved all defined objectives, several avenues for
further investigation can be identified. These potential areas of future work build upon the
methodologies and findings established in this research and could provide deeper insights
into vehicle aerodynamics and active aerodynamic systems.

One suggested direction for further research is the experimental investigation of yaw ef-
fects using a moving ground. The yaw experiments in this study were conducted with
a stationary ground due to the limitations of the available facility. However, some wind
tunnels are equipped with rotating moving ground capabilities, allowing additional refine-
ments in the assessment of yaw-induced changes to underbody flow characteristics. Im-
plementing such an experimental setup could offer further insights into the effects of yaw
on ground-effect aerodynamics and facilitate a direct comparison with moving-ground
cornering simulations, further clarifying the relationship between these conditions.

Another avenue for future research is the inclusion of vehicle body motions, such as
roll, pitch, and heave, in lap time and aerodynamic simulations. These dynamic effects
influence underbody aerodynamics, and incorporating them could facilitate the refine-
ment of performance predictions. Coupling aerodynamics and vehicle dynamics can be
approached at varying levels of complexity, ranging from interpolation between aerody-
namic datasets at predefined body positions to fully dynamic coupling of CFD and lap
time simulations. While the latter could potentially yield more detailed insights into the
interaction between active aerodynamics and vehicle dynamics, it would impose signifi-
cantly higher computational costs.

252



Chapter 9. General Discussion 9.3. Future Work

Such investigations could focus on the role of active aerodynamics in stabilising the aero-
dynamic platform by counteracting body motion effects to some extent. Conventional
active aerodynamics are expected to mitigate pitch, while 2D active aerodynamic systems
could influence both pitch and roll, further enhancing their potential benefits over static
aerodynamic configurations.

Further research could investigate a wider range of conventional and 2D active aerody-
namic systems tailored to specific vehicle applications. In high-performance vehicles, ac-
tive diffuser systems or alternative wing configurations could offer additional methods for
optimising aerodynamic balance. Active aerodynamics could also be explored in vehicles
with a greater reliance on aerodynamics, such as hypercars or Formula race cars, which
operate at higher velocities and may experience even greater performance benefits from
conventional and 2D active aerodynamic systems. Additionally, research could explore
active aerodynamics in automotive applications to balance aerodynamic efficiency with
other performance factors. For example, in electric vehicles, where cooling demands are
increasing, future studies could investigate how active aerodynamic systems can manage
thermal requirements while minimising drag, ultimately improving efficiency and driving
range.

The implementation and control of active aerodynamic systems presents another opportu-
nity for future research. This study evaluated optimal control strategies and identified key
related quantities, highlighting relationships that could guide real-time implementation.
Future work could investigate the feasibility of real-time controllers, assessing how effec-
tively control architectures operate relative to the identified optimal aerodynamic control
cases. Additionally, transient aerodynamic effects associated with dynamically adjusting
aerodynamic elements could be explored. Analysing flow stabilisation times and hys-
teresis effects could provide valuable insights into the dynamic response of active aero-
dynamic systems, informing real-time controller development to improve aerodynamic
performance.
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Chapter 10

Conclusion

This research investigated the performance potential of active aerodynamic systems for
high-performance vehicles across dynamic driving scenarios. To support this, it devel-
oped a cost-effective Computational Fluid Dynamics (CFD) methodology for aerody-
namic analysis, and examined the influence of real-world operating conditions, specif-
ically yaw and cornering, on aerodynamic performance. Building on this foundation,
several active aerodynamic concepts were designed, including 2D systems capable of
modulating aerodynamic balance both longitudinally and laterally, and their impact on
vehicle performance was comprehensively analysed.

A key achievement of this research was the development and validation of a cost-effective
CFD workflow, alongside a structured wind tunnel correlation process. Together, these
enabled reliable aerodynamic predictions and improved the interpretation of experimental
data. Additional core contributions included combined experimental and numerical aero-
dynamic analyses conducted under varying ride heights, yaw conditions, and cornering
scenarios. These investigations provided insights into ground-effect aerodynamics and
flow field alterations induced by dynamic operating conditions, highlighting their influ-
ence on aerodynamic performance.

A central component of the research was the performance analysis of conventional and
2D active aerodynamic systems, evaluated in combination with all-wheel-drive and active
torque distribution powertrain architectures using minimum lap time simulations. These
analyses demonstrated the performance benefits of active aerodynamic systems, revealed
the underlying performance-enhancing mechanisms, and identified optimal control strate-
gies. Furthermore, the results highlighted the influence of vehicle setup and tyre charac-
teristics on maximising system effectiveness. Ultimately, the analyses showed that 2D
active aerodynamic systems consistently outperformed conventional configurations. By
prioritising downforce on underloaded tyres while generating an aerodynamic roll mo-
ment opposing lateral load transfer, these systems exploited the tyres’ non-linear vertical
load sensitivity, achieving grip levels unattainable with symmetric aerodynamic loading.
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Chapter 10. Conclusion

This research provides significant contributions to both academia and industry. The
methodological advancements offer guidance for improving simulation accuracy and ex-
perimental correlation. Insights from the aerodynamic analyses deepen the understand-
ing of vehicle aerodynamics in dynamic conditions and the associated published wind
tunnel datasets expand the limited publicly available experimental database on vehicle
aerodynamics. The demonstrated performance potential of active aerodynamic systems,
particularly the 2D configurations, emphasises their relevance for future vehicle designs,
while the published minimum lap time simulation framework provides a valuable tool for
ongoing research and development in vehicle engineering.

Overall, this research offers a holistic exploration of active aerodynamic systems for high-
performance vehicles, bridging methodological development, aerodynamic characterisa-
tion, and vehicle performance optimisation. Through its methodological, empirical, the-
oretical, and technical contributions, it provides a solid foundation for future advances
in active aerodynamic systems and their integration into next-generation automotive and
motorsport applications.
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