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Abstract
Controlling the aero surfacing of CFD methods using RBF surfacing suits the vehicle characteristics of the MCR in comparison to alternative methods. It produces a small amount of error on the known points, yet using the polynomial and distancing influence of the method controls the smoothing between these points strongly. These are points at which can lead to issues with simulations if they produce trends that are unrealistic, therefore, locating the distribution of these points is important. Leading to the influence of a hotspot CFD aero map to identify the location of where CFD run points should be located. The influence of these points should be done in relation to the dynamic movement of the sprung mass, in this situation the vehicle has ~ 30mm front and rear dynamic movement of the sprung mass. This led to a 2.5mm influence being implemented as well as using a 1.1 growth rate for the change in location between CFD run points. Using these run points, it allows a controlled balance between total run time and accuracy of CFD results, with this, the points can then be inputted into driver out the loop lap simulations. Using the aero map surfacing method can further improve the aerodynamic influence of the vehicle by controlling the loads applied to the vehicle as they relate directly to the values seen on the aero map. The development of the simulation was done using the ULAPS software developed by Tim Tudor at the university due to the increased correlation between track and simulation in comparison to Vi-Grade. Using this, a 6 and 4 factor box Behnken model can be implemented for batch simulations to identify the influence of a change in front and rear ride height and spring rate has on the performance of the vehicle. This produced unexpected results with a drop in front spring rate, however, it stems from a limitation of the aero map. The use of an additional aero CFD run point could solve this.



Acknowledgements
Firstly, the first acknowledgment must go to SABE fluid dynamics for letting me work alongside the company on a project investigating the performance of the MCR and allowing me to take this investigation into my desired direction. In particular, a massive thank you to Mauro Barboza who has assisted in overseeing me for the entirety of this project. We have held weekly meetings discussing the work we have each completed and determine the project direction. He has assisted all days of the week in helping me with my thesis. It has been great to work with an external individual with experience in both industry and alternative previous experience, so a big thank you to Mauro.
Next, I need to thank Tim Tudor. Not just for being a supervisor over this project, but also throughout my entire journey at UWTSD. Tim has helped push me to improve the understanding of all aspects at university and is a strong reason as to my development at university. With this project, Tim has made time for discussion not only in weekly meetings but outside of these meetings as well. Tim has been nothing less than superb.
On the back of Tim, I want to also thank all the other lecturers and technicians at the university for assisting in any means possible, as well as going the extra distance all the time. Outside of the lecturers I also need to show my appreciation to John Iley, as the assistance and guidance specifically with aerodynamics has been first class.
Additionally, thank you to all the post and undergraduate students that have made being at the university one of the most enjoyable periods I have experienced. Thanks to all the individuals for the help from proofreading this thesis, to making the university experience great in and outside of 006, I can never be ungrateful for this.
Finally, but most certainly not least my parents. Throughout my time at university, my parents have been incredible and have been the backbone I can rely on time and time again. They have supported me in all aspects through my journey at university and have experienced the highs and lows with me as well. Without them I wouldn’t be studying a master’s and most likely not at university at all. The hours they spend working back home and still finding time to help me in any scenario is unthinkable. So, a massive thank you goes to them.

Declaration of authenticity
This document is the result of the author’s original research. It has been composed by the author and has not been previously submitted for examination which has led to the award of a degree. 
 
Signed: [image: A close up of a signature

AI-generated content may be incorrect.]				Date:  5/09/2026




Contents 
1.	Introduction	1
2.	Aims and objectives	2
3.	Literature review	3
3.1.	UWTSD Sports 2000 race car	3
3.2.	Aero Maps	4
3.3.	Correlation of driver out the loop simulation methods	7
3.3.1.1.	Vi-Grade car real time software	7
3.3.1.2.	ULAPS software	7
3.4.	CFD	8
3.4.1.	Importance of CFD application	8
3.4.2.	CFD methodology	9
3.4.2.1.	Boundary layer modelling	11
3.4.2.2.	Turbulence model	12
3.4.2.3.	Domain size	13
3.4.3.	Meshing influence	14
3.4.4.	Current vehicle performance	14
3.5.	Aero surfacing methods	16
3.5.1.	Interpolation	16
3.5.2.	Polynomial Coefficients	18
3.5.3.	Kriging	19
3.5.4.	RBF (Radial basis functions)	20
3.6.	DOE (Design of Experiment)	22
4.	Validating CFD + Surfacing methods	23
4.1.	Surfacing method analysis	23
4.1.1.	Interpolation method analysis	23
4.1.2.	Polynomial coefficient method analysis	26
4.1.3.	Kriging method analysis	28
4.1.4.	RBF method analysis	30
4.1.5.	Surfacing method best suited to the vehicle	33
4.2.	MIRA and SABE result CFD comparison	35
5.	MCR attitude aero performance	38
6.	Developing aero map run points	42
6.1.	Aero Hotspot Map	43
6.2.	CFD analysis of hotspot aero map	51
6.3.	CFD Feedback loop	54
7.	Lap simulation comparison and vehicle analysis	55
8.	Improving vehicle set up using lap simulation software	59
9.	Conclusion	62
10.	Further work	63
11.	References	64
12.	Appendix	66


Figure 1 - UWTSD car 40 at Donington National (K.J.G Photography)	3
Figure 2 - Histogram showing the yaw rate (left) and yaw angle (right) around Silverstone National on simulator	4
Figure 3 - Percentage loss for Cl and Cd in relation to ride height between 0 and 5 degrees of yaw (L.Roberts, et.al, 2015)	5
Figure 4 - Influence of a ride height ratio relative to the downforce values (Williem Toet, 2017)	5
Figure 5 – influence of ground effect in relation to a change in ground clearance of a front wing	6
Figure 6 – MIRA Wind tunnel diagram	8
Figure 7 - Surface pressure plot for a change in angle of an aerofoil (J.Wang, P.Kruyt, 2020)	11
Figure 8 - K-Omega SST transition diagram between K-Epsilon and K-Omega (SimScale 2025)	12
Figure 9 - The pressure buildup and wake structure influence in relation to the sizing of the wind tunnel at x=0 (pressure top, velocity bottom)	13
Figure 10 – cut plane showing the body of influence surrounding the vehicle a x=0	14
Figure 11 – manufacturing image of the layering process of the floors of the MCR with region of deflection identified with the arrow	15
Figure 12 - Data points displaying the importance of interpolation (image a and b) and curve fitting (image c and d) when there are high levels of noise (Amidror, 2002)	16
Figure 13 - Natural Neighbour interpolation example (ArcGIS Pro, date unknown)	18
Figure 14 - Nearest neighbour example output (MATLAB, 2026)	18
Figure 15 – Box Behnken model points (Engineering statistics handbook, date unknown)	22
Figure 16 - Balance aero map using interpolation of the grid data	23
Figure 17 -Cl aero map using interpolation of SABE CFD data	24
Figure 18 - Balance aero map using interpolation methods for SABE CFD data (without 25mm front 40 rear) with natural neighbour interpolation	25
Figure 19 - Balance aero map using interpolation methods for SABE CFD data (without 25mm front 40 rear) with linear interpolation	25
Figure 20 - Polynomial coefficient for Cd using grid data	26
Figure 21 - 3D aero map showing the Balance % using the Kriging method	28
Figure 22 - 3D aero map showing the error of the Kriging method	28
Figure 23 – Kriging uncertainty of balance percentage using SABE CFD data	29
Figure 24 - Kriging aero map balance percentage using SABE CFD data	29
Figure 25 – Aero surfacing method by SABE CFD data (John Hughs, 2022)	29
Figure 26 - The Absolute pressure difference between smoothed and unsmoothed first order RBF plot using a c value of 1	30
Figure 27 – RBF Aero map with 1st order smoothing implemented with a c value of 1	31
Figure 28 – Balance RBF aero map with 1st order no smoothing implemented using grid data	31
Figure 29 – Balance RBF aero map with 1st  order smoothing implemented using grid data with a c value of 10	31
Figure 30 – Balance RBF aero map with 1st order smoothing implemented on SABE CFD data with a c value of 1	32
Figure 31 - Balance RBF aero map with 3rd order smoothing implemented on SABE CFD data with a c value of 1	33
Figure 32 – Cd aero map using RBF surfacing showing the comparison MIRA wind tunnel and CFD simulation using the same ride height data points	35
Figure 33 - Cl aero map using RBF surfacing showing the comparison MIRA wind tunnel and CFD simulation using the same ride height data points	36
Figure 34 - Balance aero map using RBF surfacing showing the comparison MIRA wind tunnel and CFD simulation using the same ride height data points	36
Figure 35 – Cl RBF aero map for comparison between SABE CFD results and completed CFD results	37
Figure 36 – Balance RBF aero map for comparison between SABE CFD results and completed CFD results	37
Figure 37 - Velocity contour plot 0.4m away from centre line for 30mm front 75mm rear from SABE data	37
Figure 38 - Velocity contour plot 0.4m away from centre line for 30mm front 75mm rear from CFD results	37
Figure 39 - Cd change in relation to a change in yaw angle of the MCR	38
Figure 40 - Cl change in relation to a change in yaw angle of the MCR	39
Figure 41 - Influence of yaw on the vehicle with a cut plane showing total pressure at Z = 0.45m parallel to the vehicle for no yaw (bottom) and 5 degrees of yaw (top)	39
Figure 42 - Balance change in relation to a change in yaw angle of the MCR	40
Figure 43 – Total Pressure plot distribution between vehicle with no yaw angle (right) and 5 degrees of yaw (left) using a cut plane at Y = 0.4m	40
Figure 44 - Front and rear ride height in relation to the Cl of the vehicle for no yaw angle	41
Figure 45 - Velocity contour plot at Z = 0.45m using 20mm front 70mm rear ride height	41
Figure 46 – Velocity cut plane at Z = 0.45m using 20mm front 70mm rear ride height	41
Figure 47 -Velocity cut plane at Z = 0.45m using 40mm front 70mm rear ride height	41
Figure 48 – LHS (Lain hypercube sampling) distribution with standard (left) and optimal spacing (right) (Daeyeon Lee, et. al, 2017)	42
Figure 49 - Front and rear ride height around Silverstone National	43
Figure 50 - Ride height hotspot map around Silverstone National	44
Figure 51 - Ride height hotspot map with areas of importance identified	45
Figure 52 - Ride height hotspot map with areas of importance identified that are further than 2.5mm apart from one another	45
Figure 53 – Front and rear ride height scatter plots from circuits competed at this year	46
Figure 54 - Ride height hotspot maps with a 2.5mm spacing between the points for circuits competed at this year	46
Figure 55 – RBF CFD Aero Map using initial run points with localised region (left) and global region (right)	47
Figure 56 – Varying stepping amounts depending upon CFD run points	48
Figure 57 – Growth rate (1.1) for CFD run points	48
Figure 58 – Kriging aero map showing balance of the MCR using 13 CFD points	48
Figure 59 – Kriging aero map showing balance of the MCR using 14 CFD points	48
Figure 60 - Influence of growth rate on the position and number of points needed	49
Figure 61 – Influence of different scoring system scale values have on CFD run point and scoring distribution	50
Figure 62  - CFD run locations between SABE and the iterative points	50
Figure 63 – RBF CFD aero map using initial hotspot locations with local analysis (left) and global analysis (right)	51
Figure 64 - Influence of chassis rake on total downforce (Simon McBeath 2015)	51
Figure 65 – Influence of ride height of total downforce (Wouter Remmerie 2019)	51
Figure 66 – Pressure plot at z = 0.45m with surface streamlines for run 13 (34.000mm front 57.263mm rear)	52
Figure 67 – Pressure plot at z=0.45m, with surface streamlines for run 14 (32.000mm front 70.889mm rear)	52
Figure 68 – Pressure distribution cut plane at Z = 0.45m for position 8 (bottom) and position 11 (top)	53
Figure 69 – Points of focus post CFD run	54
Figure 70 – Vehicle velocity comparison between track data, Vi-Grade and ULAPS	55
Figure 71 – Lateral G comparison between track data, Vi-Grade and ULAPS	55
Figure 72 - Scaled values to represent the values in relation to the real values from external source for comparison (M.Barboza, 2026)	56
Figure 73 - Roll angle for varying simulation techniques around Silverstone National	56
Figure 74 - zeroed front tyre loads around Silverstone National	57
Figure 75 - Aero Balance comparison around the circuit layout for varying simulation method	58
Figure 76 - ARP (aerodynamic response plot) showing the ride height location between the Idealised and baseline set up	60
Figure 77 - The response curves for the individual changing factor	60
Figure 78 - Influence of the value C on the smoothing of the data (J.C.Carr, et al. 2003)	67
Figure 79 - Smoothing function of FWHM (width at half maximum) using a c value of 1 (J.C.Carr, et al. 2003)	67
Figure 80 - Cd interpolation aero map using SABE CFD data	68
Figure 81 – Cl interpolation aero map using SABE CFD data	68
Figure 82 – Efficiency interpolation aero map using SABE CFD data	69
Figure 83 - Cl polynomial coefficient aero map using grid CFD data	69
Figure 84 - Balance polynomial coefficient aero map using grid CFD data	70
Figure 85 – Efficiency polynomial coefficient aero map using grid CFD data	71
Figure 86 -Kriging aero map showing Cl using SABE CFD data	72
Figure 87 - Kriging aero map showing Cd using SABE CFD data	72
Figure 88 - Kriging aero map showing efficiency using SABE CFD data	73
Figure 90 – Cd aero map using 3rd order RBF with a c value of 1 using SABE CFD data	73
Figure 91 – Cl aero map using 3rd order RBF with a c value of 1 using SABE CFD data	74
Figure 92 – Efficiency aero map using 3rd order RBF with a c value of 1 using SABE CFD data	74
Figure 93 – Balance aero map using 3rd order RBF with a c value of 1 using SABE CFD data	75
Figure 94 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero map for aero balance %	75
Figure 95 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero maps for efficiency	76
Figure 96 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero maps for Cl	76
Figure 97 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero maps for Cd	77
Figure 98 - Aerodynamic values for both MIRA wind tunnel and CFD results using the same ride height data points with RBF surfacing	78
Figure 99 - Aerodynamic values for both SABE and CFD results using the same ride height data points with RBF surfacing	79
Figure 100 - Cd, Cl, Efficiency and Balance plots for grid CFD run points and for alternative yaw angles	80



Table 1 - CFD methodology settings	10
Table 2 – Aero development influence on vehicle performance (Ewan Evans, et.al, 2024)	14
Table 3 - Table on smoothing basis function and the analysis methods of the smoothing (J.C.Carr, et al. 2003)	21
Table 4 - Values for the different aerodynamic properties and their related value at 25mm front and 40mm rear	25
Table 5 – Front and rear ride height and the related percentage difference between known and polynomial coefficient data points	26
Table 6 – The related front and rear ride height and the related percentage difference between the known and polynomial coefficient data points	27
Table 7 - Percentage difference between 1st order and 3rd order polynomial on a known balance data point (20mm front 40mm rear) using RBF surfacing	33
Table 8 - Removal of a known data point and the % difference in relation to the known values	34
Table 9 – The front and rear ride heights for the top 10 scores from the ride height hotspot map with 2.5mm distance threshold	47
Table 10 – Vehicle changes with the idealised setup using a 6 factor box Behnken	59
Table 11 - Table showing the ranking of the varying setups around Donington National with baseline (orange), idealised (green), chosen point (blue)	61
Table 12 - Percentage difference in known Cl values in relation to the polynomial coefficient aero map	70
Table 13 - Percentage difference in known Balance values in relation to the polynomial coefficient aero map	70
Table 14 – Percentage difference in known Efficiency values in relation to the polynomial coefficient aero map	71
Table 15 - Ranked 4 factor box Behnken model	81



Equation 1 – y+ formula	11
Equation 2 – For 3D interpolation (both the same equation different formatting) (Amidror, 2002)	17
Equation 3 – Polynomial model formula (Felipe Pereira Marchesin, et.al, 2017)	19
Equation 4 – Kernel formula (S. K. Suryasentana, date unknown)	19
Equation 5 –covariance matrix formula (S. K. Suryasentana, date unknown)	19
Equation 6 – Main calculation (S. K. Suryasentana, date unknown)	19
Equation 7 – Nuggets formula (S. K. Suryasentana, date unknown)	20
Equation 8 – RBF interpolation formula (J.B.Cherrie, R.K.Beatson 2002) (J.C.Carr, et al. 2003)	20
Equation 9 – Calculating the radial / distance between points	21
Equation 10 – Smoothing out RBF interpolation formula (J.C.Carr, et al. 2003).	21
Equation 11 – Smoothing out RBF interpolation formula (J.C.Carr, et al. 2003).	21

Ewan Evans 	The Use and Validation of Aerodynamic Surfacing Methods	2200899 
	and the Application of These for Simulations
Ewan Evans 	The Use and Validation of Aerodynamic Surfacing Methods	2200899 
	and the Application of These for Simulations













1. [bookmark: _Toc239597588]Introduction 
Aero surfacing is used frequently to display the aero performance of a vehicle in relation to the sprung mass’s vertical movement at the front and rear of the vehicle. These cover a wide range of dynamic movement at the front and rear of the vehicle, which can then use these surfacing methods to smoothly transition the known CFD points into a realistic aero map that displays these changes in relation to a range of aerodynamic properties (Cd, Cl, aero balance). These can then allow previous unknown points to have values that respond to the known points with increased level of accuracy. There are alternative aero surfacing methods that can change the distribution of the results significantly (Interpolation, Kriging/Gaussian, Polynomial coefficients and RBF). Understanding which method suits your vehicle is dependent upon the aerodynamic performance of the vehicle and which results allow for the most accurate smoothing of the surface.
These unknown aero performance values are then stitched together with the respective surfacing method using the known points value. These known values come from the use of CFD results, leading to the importance of the validation of these results. CFD operates in an idealised scenario and often in relation to the real world there are limitations that cause deviance in results, from geometry differences to the boundary conditions not aligning. Using a cross comparison to previous work completed by SABE Fluid Dynamics can assist in validating these results. Furthermore, the validation removes an uncertainty aspect from the CFD validation. Some scaling of the CFD values will need to be considered due to the idealised scenario and geometry of CFD, therefore, when being applied to simulations they need to be scaled to match the performance seen on track. With the locations of the CFD run points creating the aero maps, having a balance between the location points of these is important to control the relationship between total simulations run time and the accuracy of the results. The use of a hotspot map is important in distinguishing the influence of these locations, therefore, when picking these locations using ride height points from track data can prove to be beneficial in understanding the aero performance of these known locations. As well as this, it can be used to look outside the current dynamic positioning of the vehicle to locate the vertical dynamic movement of the sprung chassis to identify if a region can produce an increased level of performance. 
The use of driver out of the loop simulations is a powerful tool in replicating the idealised track conditions seen on the track without the influence of a driver to understand the dynamic vehicle performance. It uses mathematical equations and simulation modelling techniques such as the aero maps used previously, as well as 7DOF and pacejka models. These are inputs or modelling systems that use mathematical calculations or inputs that give a dynamic response to the vehicles current conditions. The use of driver out of the loop can be significantly beneficial when doing batch testing due to the time constraints involved when a driver is implemented in a simulator. In addition, it removes the driver consistency aspect out of the influence of the results. However, one key limitation on this note is tuning the vehicle to the driver as each driver has a preference on how the vehicle should behave. One driver may like a front end of the vehicle that wants to turn into the corner, whilst another may prefer a more stable platform front and rear. These influences that may result in a quicker vehicle is an aspect that can often be overlooked and needs to be understood.
Relating this work to a vehicle of known values and input is vital, therefore, the use of the UWTSD MCR Sports 2000 race vehicle is a strong example, due to the previous work completed on this vehicle allowing increased amount of focus on the analysis of these processes to evaluate the vehicle and aero surfacing capabilities. Validation will still be conducted to cross compare the vehicles performance between real world and simulation.

2. [bookmark: _Toc239597589]Aims and objectives
One of the key areas of this project was the understanding of the aerodynamic performance of the vehicle with varying ride heights. With this the understanding of what aero map most accurately represents the data is vital and research and testing needs to be conducted on what 3d surfacing method is best suited to this application. Also, the use of CFD to get the aero performance values need to have correlation applied to validate the results.
In addition to understanding the performance of the vehicle in relation to a respective ride height, the positioning and location of the ride heights to be tested in CFD is an area of focus. This will use ride height potentiometers from track data to record the dynamic movement of the sprung mass. Using these ride heights, code will be developed to understand the influence of these points and what locations need to be run, whilst keeping a balance between accuracy of results and computational time.
After using these points of interest to get CFD results and create an accurate aero map of the current vehicle performance, the aero map will then be applied to driver out the loop simulations to look at the influence of a change in set up on vehicle performance. This will compare track data and both ULAPS software and VI-Grade to compare the accuracy of the data. 


3. [bookmark: _Toc239597590]Literature review
3.1. [bookmark: _Toc239597591]UWTSD Sports 2000 race car
The vehicle used in this application is the MCR chassis sports 2000 race car with an aerodynamic package built upon the factory MCR bodywork. The recent aerodynamic developments that have been implemented on the vehicle is John Iley’s floor and splitter designs, as well as a rear deck extension development. These have significantly improved the performance of the vehicle and the amount of downforce applied to the vehicle which can be shown through the resultant increase in spring rates to combat the increased level of downforce dropping the ride heights. 
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[bookmark: _Toc239542888][bookmark: _Toc239542999][bookmark: _Toc239544939][bookmark: _Toc239604238]Figure 1 - UWTSD car 40 at Donington National (K.J.G Photography)

Due to a significant amount of previous work and data collected being easily accessible, it removes time delays of this being collected or investigated. Therefore, speeding up the process by using previous CFD simulation settings, can remove some aspect of the importance of an independency study, due to time constraints. In addition, the combination of both previous CFD settings and research/principles in industry can create a robust foundation to the project. 


3.2. [bookmark: _Toc239597592]Aero Maps
Initially and commonly the first area of investigation on an aero map is the rake (front and rear ride height of the vehicle) due to this affecting all areas on the track, whilst yaw and roll predominantly occur in the corners. 
To identify what yaw angle the vehicle experiences through a corner, the use of a yaw angle sensor on the vehicle could be utilised, however due to the MCR not having this sensor on the vehicle, the simulator data was investigated. This data showed unrealistic levels of yaw angle (above 25 degrees of yaw) and so research of a respectable value was a better option. This led to a maximum of a 5-degree angle being chosen as this value is commonly seen in other race vehicles (L.Roberts, et.al, 2015). A 2.5-degree angle was used as a middle point to help build the grid method aero maps.
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[bookmark: _Toc239542889][bookmark: _Toc239543000][bookmark: _Toc239544940][bookmark: _Toc239604239]Figure 2 - Histogram showing the yaw rate (left) and yaw angle (right) around Silverstone National on simulator

The smaller the ground clearance, the higher the ground effect until a critical ride height is reached and therefore, the expectations of the MCRs aero dynamic performance will decrease when yaw is present. Performance would be expected to degrade as this is not the specific orientation the vehicle was designed for, resulting in a decremental aerodynamic performance loss. However, after investigating initial results and comparing this with research, the negative Cl value reduces as expected, however Cd increases in contrast to the external paper (L.Roberts, et.al, 2015). It is expected that the drag would worsen as seen in the results later on, this can be due to the alternative study having a constant frontal area. 
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[bookmark: _Toc239542890][bookmark: _Toc239543001][bookmark: _Toc239544941][bookmark: _Toc239604240]Figure 3 - Percentage loss for Cl and Cd in relation to ride height between 0 and 5 degrees of yaw (L.Roberts, et.al, 2015)

A frequent occurrence in CFD for motorsport vehicles is stalling points. This is often the case when vehicles with high levels of downforce produce devices that use ground effect to their advantage, but can end up in positions which are detrimental to the goal. A common occurrence is when the splitter or front wings are at ride heights where; either the airflow struggles to flow underneath the vehicle, acting like an air dam, or the angle of the splitter or wing is too aggressive, requiring a higher rear ride height and therefore, on vehicles with diffusers, results in a loss of performance (Williem Toet, 2017). 

[image: Willem Toet explains….motorsport diffusers | Race Tech Magazine]
[bookmark: _Toc239542891][bookmark: _Toc239543002][bookmark: _Toc239544942][bookmark: _Toc239604241]Figure 4 - Influence of a ride height ratio relative to the downforce values (Williem Toet, 2017)

It must be stated that air dams are strong aerodynamic devices, however, they are not effective when air can flow underneath the leading edge as it removes the low pressure underneath the vehicle. This is why CFD ride height sensitivity graphs often have a sharp rise in performance when the vehicles front ride height is low and sealed. However, due to the application having a splitter, complete sealing is not appropriate and therefore, stalling of the splitter only worsens performance, as shown below.
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[bookmark: _Toc239542892][bookmark: _Toc239543003][bookmark: _Toc239544943][bookmark: _Toc239604242]Figure 5 – influence of ground effect in relation to a change in ground clearance of a front wing

As stated previously, when a vehicle runs lower to the ground, they can experience stalling of the airflow under the vehicle and therefore, capturing these points using aero maps can significantly improve the accuracy of the results and show that the vehicles dynamic ride heights need to be kept outside these regions. Often ARP aerodynamic response plots (or industry use, potato plots) can display the dynamic position of the front and rear of the vehicle and then display the resultant CFD values through an aero map on top of this. This can suggest that changes in setup through alternative front and rear ride height and spring rates can resist the vehicle from reaching these regions of low stalling.
In an ideal scenario, the aero map uses CFD or track data for all varying ride height locations seen on track and the corresponding aero dynamic values. However, this is not a feasible option, due to the simulation of the results requiring too much simulation time to compute this, as well as this, the noise from track data would require a large amount of time to filter the data. 
Although having more data points increases accuracy, understanding the realistic number of points available for the simulation is important, and therefore, connecting these points together with aero surfaces can improve the results. Using different aerodynamic surfacing methods can enhance the accuracy of these. With specific vehicles requiring different aero surfacing methods that replicates the aero distribution values most accurately. 


3.3. [bookmark: _Toc239597593]Correlation of driver out the loop simulation methods
To validate simulation methods, keeping vehicle values constant is vital to removing aspects of definite discrepancy between real world and simulations. In the specifics of this investigation, the use of both vehicle out of the loop and aerodynamic validation is vital. This is due to the intertwining aspects of these two being combined results, which scales up the importance of accuracy of results.
 
3.3.1.1. [bookmark: _Toc239597594]Vi-Grade car real time software
The input values are tuned to align accordingly to the known values due to simulation values between this and unknown values, such as, the tyre properties. In addition, the aerodynamic values are calculated through CFD and then scaled down to fit the relevant aero factor that aligns the influence of aero between simulation and track data. Furthermore, the track layout must represent the track data, therefore, using a GPS sensor from the track and predominantly the use of ULAPS track layout, the accurate driver line can be formed.  
The Vi-Grade CRT’s main limitation stems from the process of aerodynamic values using a simplistic grid method. With this the grid method uses inputted forces in relation to a front and rear ride height for drag force and front and rear downforce. In addition, it then uses interpolation between the points and therefore, interpolates and extrapolates these points for known locations. In addition, a minimal amount of data points are needed which is beneficial for mass simulation completion due to a lack of known points reducing the total CFD run time to find these locations. However, due to simulations requiring high levels of similarity between empirical and theoretical data, an increased number of data points is needed with an aero map that is limited to the use of the grid like method. 
Due to time constraints the implementation of a suspension system that relates to the MCR suspension kinematics is one key issue. Due to the time constraints involved in creating an Adams car model leading to no MCR suspension system, this lack of accuracy in suspension needs to be taken in accuracy in suspension system. The race car VI-grade model is used as a baseline vehicle, with input values being replaced with real vehicle values, creating a margin for error.

3.3.1.2. [bookmark: _Toc239597595]ULAPS software
ULAPS is a driver out of the loop software developed by the university in the development of implementing AI coding for lap simulation analysis. With this, the system has been built using the MCR race vehicle for reference and correlation system. In contrast to Vi-Grade, this system had a built-in kinematic system with the MCR’s vehicle made in this system, removing a key area of discrepancy. It uses the same principles of Vi-Grade and implements these using the same fundamental methods. Due to Vi-Grade not building the simulation software on the simulation, as well as the suspension system differences, it would be expected to see better performance in correlation for ULAPS between track and simulation, in comparison to Vi-Grade.


3.4. [bookmark: _Toc239597596]CFD
3.4.1. [bookmark: _Toc239597597]Importance of CFD application
CFD (Computational fluid dynamics) assists in improving the accuracy of results by removing some of the need for aerodynamic devices to be tested on track. In addition, CFD removes issues related to the cost of equipment, such as wind tunnel simulations, and creating new components that result in no improvement to the vehicle. 
The most fundamental and important aspect of the CFD is the methodology and setup to accurately represent the airflow hitting the vehicle and the surrounding airflow. Furthermore, with this, the use of CFD independency studies can be introduced to understand the impact these values are having on the vehicle. Due to time pressures, this report relies on previous CFD settings used on the vehicle and external papers that validate the chosen methodology, rather than completing independency studies internally.
This study compares results to the MIRA wind tunnel, therefore, understanding the differences between CFD and wind tunnel results is important. The MIRA wind tunnel is a simple wind tunnel shown in the diagram below and has one major limitation, a moving floor. This non-moving floor results in a build-up in boundary layer on the surface of the floor which the vehicle would not see in the real world. Often wind tunnels with moving floors use pressure relief systems to remove the build-up of the boundary layer and then re-establish the boundary layer before reaching the vehicle. However, the MIRA wind tunnel has no moving components, and so to attempt to remove the influence of the boundary layer, a kick wall is placed in front of the vehicle to break the boundary layer build up and allow it to reform in front of the vehicle. 

[image: ]
[bookmark: _Toc239542893][bookmark: _Toc239543004][bookmark: _Toc239544944][bookmark: _Toc239604243]Figure 6 – MIRA Wind tunnel diagram

It would be expected that there is an offset in the data between the MIRA wind tunnel and CFD results due to the limitations of the wind tunnel, therefore, the comparison to previous work conducted by SABE can validate the CFD model used. There is a big discrepancy in the computational power between SABE and the university computers and is a key limitation to the results.
One point of notice is that when the yaw studies are conducted the use of a curved wind tunnel should be implemented to better represent the airflow behaviour seen through the corner. Due to simplicity purposes and complexity in getting the model to mesh with the standard wind tunnel, this wasn’t implemented. 

3.4.2. [bookmark: _Toc239597598]CFD methodology
Having a robust CFD methodology can significantly remove the amount of uncertainty between real world and theoretical aerodynamic performance. To validate these, the use of coefficient and airflow plot on the surface of the vehicle can prove as valuable correlation between results. However, it is often that the CFD over or under predicts the aerodynamic performance seen on track, due to the CFD simulations being idealised conditions, whilst the track has various aspects that can lead to discrepancy. A strong reason for this is the simplification of geometry. Due to certain aspects of the geometry needing small mesh sizes to be simulated accurately, the smoothing of complex geometry can reduce simulation time, resulting in error. A key example of this in motorsport is the removal of clips and bodywork fitment accuracy. In the case of the MCR, this is present but also significantly the modelling of the rear of the vehicle surrounding the engine is an issue. This region is once again blanked off due to simplicity reasons, unlike the real vehicle, it improves the vehicles rear end performance for the simulated data. Track data is often skewed through gradients of the circuit, wind and weather. When cross comparing track to CFD data this is often considered, by taking into multiple points around the track to reduce error. Wet weather conditions reduce the speed of the vehicle and change the temperature, pressure and density of the air. The use of a pitot tube can assist in calibrating the results and confirm the influence the direction of the weather has on the vehicle. 
The entire CFD methodology controls can be seen in the table below:
[bookmark: _Toc239543109][bookmark: _Toc239545033][bookmark: _Toc239604343]Table 1 - CFD methodology settings
[image: ][image: ]
3.4.2.1. [bookmark: _Toc239597599]Boundary layer modelling
One of the most important aspects that due to meshing difficulties must be removed, is the use of prism layers. These aim to represent the airflow within the boundary layer by placing rectangular prisms adjacent to the surface of the wall. The height, number of layers and scale size between the layers influence the results, modelling these and how many to use is often done using pressure distribution plots and Y+ resultant values. Surface pressure plots provide strong validation of the surface interaction of the airflow. It uses surface pressure taps from track airflow tests with these situated on aspects of the vehicle. The pressure distributions are then plotted on top of one another and can show the offset between track data surface pressure and the simulated values. 

[image: ]
[bookmark: _Toc239542894][bookmark: _Toc239543005][bookmark: _Toc239544945][bookmark: _Toc239604244]Figure 7 - Surface pressure plot for a change in angle of an aerofoil (J.Wang, P.Kruyt, 2020)

The use of a Y+ scale can help to understand if there is too much of a boundary layer being simulated and if layers can be removed to improve the run time and accuracy of the results. Y+ is the distance away from the wall () and the friction velocity ( at that point in relation to the velocity () of the airflow as shown below. 
[bookmark: _Toc239543124][bookmark: _Toc239545048]Equation 1 – y+ formula


Controlling the value of this for vehicle application is situated between a  > 30 and  < 300 (SimScale, 2026). This value is used due to the relation between the sub layer and the vehicles speed. In the case of the MCR, due to the vehicles free stream velocity using 35 m/s, it is going to be situated in the 30 to 300 regions. If a y+ value is situated in the region above the desired bounds (30 to 300), then dropping the growth rate and number of the layers can assist in reducing this value. With the transition ratio needing to use a scale value that smoothly transitions the growth of these layers in relation to the distance to from the wall. The use of growth layers, around a value of 1.2 can assist with this (SimScale, 2026). Due to simulation difficulties getting these to work, the implementation of these was not applicable. Therefore, is a key limitation to the simulation of the results.

3.4.2.2. [bookmark: _Toc239597600]Turbulence model
It uses mathematical formulas, such as the Navier Stokes equations, to solve the aerodynamic properties for individual nodes in the watertight geometry the vehicle is situated in. The turbulence models are one of the most important aspects in relation to capturing the airflow structure near and on surface. K-Epsilon and K-Omega are two of the most used turbulence models when replicating the turbulence of the vehicle. 
Due to both K-Epsilon and K-Omega models being 2 equation models, the simulation run time is lower than if other models are utilised. A more computationally expensive solver such as LES turbulence model could be used to improve accuracy as the time step between points needs to be reduced. In addition it often needs an increased level of refinement on the mesh to resolve the turbulent eddies better. However, due to the computational time involved this is not a valid option (CFD Turbulence handbook, date unknown). K-Epsilon is stronger at solving the clearer airflow away from the surface of the vehicle or where non-slip wall conditions are applicable. K-Omega is stronger at replicating the shear stress interaction with the slip wall conditions. A turbulence model has been implemented (K-Omega SST) where it transitions between K-Omega and K-Epsilon depending upon the wall conditions. This aims to improve accuracy by using the relevant turbulence model depending upon the scenario and therefore, should improve accuracy. One issue that can occur is the stalling of airflow. When this happens, the turbulence model must switch, and if the stall position shifts, it can significantly change the downstream airflow, leading to poor convergence.

[image: k-omega sst visual representation]
[bookmark: _Toc239542895][bookmark: _Toc239543006][bookmark: _Toc239544946][bookmark: _Toc239604245]Figure 8 - K-Omega SST transition diagram between K-Epsilon and K-Omega (SimScale 2025)

K-Omega SST often produces large amounts of turbulence in regions of stagnation points, or where the air flow is accelerating (SimScale, 2025), as well as standard K-Omega, which can produce instability of results, with a less robust method than K-epsilon (Engineering Downloads, 2026). Therefore, with previous models work on the MCR using K-Epsilon, as well, as the applicability of the model in relation to other methods, K-Epsilon was used throughout the CFD runs.
3.4.2.3. [bookmark: _Toc239597601]Domain size
The size of the wind tunnel and additional components, such as a body of influences, can dictate the results significantly. If Wind tunnel dimensions are too close and impacting the results, then it can cause blockages or squeezing of the airflow that can therefore lead to discrepancy in relation to the vehicle being out on track. However, if these are simulated with an extreme scale size, the computational time significantly increases, therefore controlling a balance is important. In the case of this methodology, a ~ 8 car lengths behind and ~3 car lengths in front, with ~ 3 width across and ~ 5 car lengths above. These domain sizes were scaled up in comparison to previous work, due to concerns about the large wake structures the MCR produces, as well as other papers suggesting a minimum 3 car lengths in front and 5 car lengths behind (Marco Lanfrit, 2005).

[image: ][image: ]
[bookmark: _Toc239542896][bookmark: _Toc239543007][bookmark: _Toc239544947][bookmark: _Toc239604246]Figure 9 - The pressure buildup and wake structure influence in relation to the sizing of the wind tunnel at x=0 (pressure top, velocity bottom)

Due to a fine meshing already being implemented, only a singular body of influence (BOI) was placed to improve the capture of the wake structure surrounding the vehicle. It scaled up in relation to the vehicle using multiplication values of 2.5 in X, 2.5 in Y and 1.3 in Z axis. Ideally, a smoother transition and multiple BOI’s could be implemented to improve the capturing of the airflow as well as the relation of these points. Once again due to computational resource this was not applicable.
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[bookmark: _Toc239542897][bookmark: _Toc239543008][bookmark: _Toc239544948][bookmark: _Toc239604247]Figure 10 – cut plane showing the body of influence surrounding the vehicle a x=0

3.4.3. [bookmark: _Toc239597602]Meshing influence
Due to significant influence of the mesh accurately modelling the details of the MCR, a small mesh size needed to be implemented to show a significant level of result. Due to this increasing the computational time, the singular BOI and controlling of the growth rate is justified. The BOI uses a maximum mesh size of 0.1m with the surface of the vehicle being between 20% to 5% of the size of this. A larger mesh size would reduce time but the level of accuracy using this mesh is important and gave consistent surface replication between varying CFD runs, as larger mesh size in regions would leave holes in the surfaces. It should be stated that in comparison to SABE CFD results this CFD methodology only contains ~14 million cells compared to SABE’s over 60 million cells (John Hughs, 2022).

3.4.4. [bookmark: _Toc239597603]Current vehicle performance
The vehicle UWTSD MCR has seen development over recent years, especially aerodynamically. Three key additions in the previous years is the addition of rear deck extension, as well as the floor and splitter re-design. The rear deck extensions were implemented to help increase the rear downforce of the vehicle, shifting the centre of pressure rearwards. Various configurations were tested and a 300mm deck extension that continues the profile at the rear of the vehicle using the expansion zone of the rear deck, shifting the balance rearwards by 10.91%.

[bookmark: _Toc239543110][bookmark: _Toc239545034][bookmark: _Toc239604344]Table 2 – Aero development influence on vehicle performance (Ewan Evans, et.al, 2024)
	
	Cd
	Cl
	Efficiency
	Balance

	Baseline
	0.434
	1.764
	4.065
	55.770

	Floor and splitter addition
	0.484
	2.202
	4.553
	59.640

	Floor, splitter and rear deck extensions
	0.593
	3.217
	5.421
	48.730


The new splitter increases the low pressure underneath the splitter, due to a better controlling of the airflow entering the splitter, as well as the expansion zone diffusing. A semicircular tube running down the side of the floor aims to create a circular vortex that stems down the side of the vehicle in line with the new floors assisting in the sealing of the airflow underneath. The floors have a region where a 6 layer of fibre glass aims to flex to assist in the sealing of the floors. The combination of the two has significantly increased the downforce and shifted the balance further forwards, increasing the already front biased MCR. Therefore, controlling this balance of the vehicle is something the team has focused on in recent years to get the car in a balanced region where the drivers can feel comfortable in the car, yet maintain the increased performance.
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[bookmark: _Toc239542898][bookmark: _Toc239543009][bookmark: _Toc239544949][bookmark: _Toc239604248]Figure 11 – manufacturing image of the layering process of the floors of the MCR with region of deflection identified with the arrow


3.5. [bookmark: _Toc239597604]Aero surfacing methods 
Varying 2D and 3D surfacing methods have been used throughout a wide range of different engineering practices. The purpose of this report is to understand how these alternative surfacing methods can most accurately represent the aerodynamic distribution, with some of the most used ones being implemented are: interpolation, Gaussian, polynomials and RBF surfacing. In this report the Gaussian method is under the name Kriging as a paper uses the gaussian process and explains the process in details but stems from the use of geotechnical background for its ability to assess areas where data points had not been measured (S. K. Suryasentana, date unknown). Other methods were questioned, such as NURBS, however it was understood that this would not give accuracy in the results. One of the problems with NURBS is that it doesn’t use the specific points of interest and rather fits the data to a spline. These splines are spaced across the ride height region. If the distance of these splines is too large in relation to the change in value, then it can lead to unrealistic trends when the surface is formed (Caltech, 2005).  

3.5.1. [bookmark: _Toc239597605]Interpolation
Interpolation is used in a wide variety of engineering data analyses due to the ability to use nearby data and identify a trend that occurs and therefore, create a data point in the unknown region that needs to be filled in (MATLAB, 2026). Interpolation uses every value as a known point and therefore, cannot ignore any point (MATLAB, 2026). This is why graphs can show large amounts of sudden change if there is noisy data as the strand of data/trend must include all these known points.
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[bookmark: _Toc239542899][bookmark: _Toc239543010][bookmark: _Toc239544950][bookmark: _Toc239604249]Figure 12 - Data points displaying the importance of interpolation (image a and b) and curve fitting (image c and d) when there are high levels of noise (Amidror, 2002)

There are multiple types of interpolation including; Linear, natural neighbour and nearest neighbour. Linear Interpolation is commonly used for 2D surfacing through the equation of , which then reports as a curved line. However, due to the 3D nature of aero surfaces, an expanded equation needs to take place to calculate the plane of the region, as shown in the equation below. 

[bookmark: _Toc239543125][bookmark: _Toc239545049]Equation 2 – For 3D interpolation (both the same equation different formatting) (Amidror, 2002)



Linear interpolation calculated the gradient in the x direction giving a resultant y, however, it now calculates the gradient in both x (rear ride height) and y (front ride height) locations with a resultant z value (aerodynamic performance values). This is often calculated by using a grid of data (front and rear ride height values) creating a region. Using the known three sets of data points, interpolation then calculates values for these known points by weighting the vertices depending upon the distance to the point of interest (Amidror,2002). However, as aero maps often require completed grid data not just the known region, it then struggles to calculate these unknown points, leading to a limitation of the interpolation method as it extends the planes nearby to fit the data points outside the unknown values. Therefore, interpolation is most effective when CFD tests are completed in a grid method near the extremities of the ride height investigation, whilst systematic/ selected ride heights show weaker levels of accuracy.
Natural neighbour follows the same trends as linear interpolation by using neighbouring points and placing values on the influence of these points, however, they do not use triangulation and instead can use an infinite number of points and Voroni polygons instead (ArcGIS Pro, date unknown). Each known point calculates the area it controls due to the distance to its neighbouring known points, with this, the point of interest then decides how much area it takes up depending upon the weighting of these nearby points. This allows for a smoother transition between points, with it using more than three points of interest and removes areas where edges of the data points analysed in the linear interpolation occurred.
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[bookmark: _Toc239542900][bookmark: _Toc239543011][bookmark: _Toc239544951][bookmark: _Toc239604250]Figure 13 - Natural Neighbour interpolation example (ArcGIS Pro, date unknown)

The final interpolation method (Nearest neighbour) is a method that has been significantly outperformed by the other interpolation methods. This is due to the point of interest being calculated by sharing the nearest known value (Harrisonjack 2026). Therefore, leading to sudden changes in the data, making this poor performance for smooth aero map surfaces. 
[image: ]
[bookmark: _Toc239542901][bookmark: _Toc239543012][bookmark: _Toc239544952][bookmark: _Toc239604251]Figure 14 - Nearest neighbour example output (MATLAB, 2026)

3.5.2. [bookmark: _Toc239597606]Polynomial Coefficients
Polynomial coefficients are used for aero surfacing due to their simplicity of showing trends for the overall values, creating smooth output data. Polynomials predict a shape of the response from the input data values (NIST, 2026). With aero map surfacing, they use a 3rd degree polynomial as they need to solve non-linear scenarios (Brilliant.org, date unknown) (Luã Monteiro, et.al, 2021). 
This method uses a Coefficient (in the formula case  / Lift), this then uses the change in front ride height (across the known points to find a coefficient that fits these values the best. It also does this with other sections of the formula, with the formula being able to be expanded depending upon the variables in use, such as ride height, roll and yaw. These values are inputted into the formula and allows any front and rear ride height to be expressed. The use of the formula makes it great for quick analysis, if the polynomial coefficient is pre calculated. The formula below is used to calculate the polynomial model that fits the data points, this model then uses the least squares linear regression to fit the polynomial coefficients. Therefore, instead of a matrix of data, only one formula is needed that relates to the scientific aerodynamic properties of the vehicle (Felipe Pereira Marchesin, et.al, 2017) (Mauro Barboza, 2026).

[bookmark: _Toc239543126][bookmark: _Toc239545050]Equation 3 – Polynomial model formula (Felipe Pereira Marchesin, et.al, 2017)


3.5.3. [bookmark: _Toc239597607]Kriging 
Kriging otherwise known as gaussian, is the method in which a set of data points are known (CFD ride height points). The limits of the upper and lower limits of the X and Y axis are defined, and this is then broken down into a set number of interval points. These interval points are then given a value reflecting how close they are to the known data point (1 being close to, 0 being far away), this value is called the Kernel and is calculated as shown in equation 4. The higher the value, the more influence the known aero value has on the unknown points. With this the covariance is utilised to analyse how strongly the unknown points correlate with one another, a high covariance is often when the distance is small.

[bookmark: _Toc239543127][bookmark: _Toc239545051]Equation 4 – Kernel formula (S. K. Suryasentana, date unknown)


[bookmark: _Toc239543128][bookmark: _Toc239545052]Equation 5 –covariance matrix formula (S. K. Suryasentana, date unknown)


[bookmark: _Toc239543129][bookmark: _Toc239545053]Equation 6 – Main calculation (S. K. Suryasentana, date unknown)


The main prediction for the aerodynamic performance value is through the use of equation 6 where it analyses the importance of the point and then the kernel factor that applies to it.
Nuggets are outputs from the system where they are the possible error of the calculation in relation to the distance to known data points. This value tends to work in parallel with the Kernel value, with a larger distance resulting in a larger discrepancy. It is calculated using the equation below, where  is the variance of the noise and  is an identity matrix. It needs to be clear that this is not the same as the covariance. The covariance looks at the dissimilarity between the points not the error of them (S. K. Suryasentana, date unknown).

[bookmark: _Toc239543130][bookmark: _Toc239545054]Equation 7 – Nuggets formula (S. K. Suryasentana, date unknown)


3.5.4. [bookmark: _Toc239597608]RBF (Radial basis functions)
RBF (radial basis function) surfacing has become commonly used in all forms of surfacing disciplines, from CAD modelling to computer graphics. This is due to the ability to replicate surfaces from known points and the ability to apply a smooth transition between points to the aero map (Salvatore Cuomo, et.al, 2016).
RBF is commonly used with scattered data.  The method in which it calculates points have no relevance, due to the nature of the surface being random and not influenced by if it follows trends. Like the Kriging method, it starts off with upper and lower limits of ride heights defined and then the values in between are broken up into a set number of points. The known points are inputted using their factual locations and the representing aero value. The desired ride heights then have the relevant aero value, represented as , as shown in the formula below (J.C.Carr, et al. 2003).

[bookmark: _Toc239543131][bookmark: _Toc239545055]Equation 8 – RBF interpolation formula (J.B.Cherrie, R.K.Beatson 2002) (J.C.Carr, et al. 2003) 


The formula uses a smoothing factor shown as , and can be implemented to improve smoothness depending upon the accuracy of the desired surface (J.C.Carr, et al. 2003). The known points need to influence the unknown values and therefore, a weighting value is added (. This value considers the additional points available and therefore the effect the known point has on the nearby unknown values (J.C.Carr, et al. 2003). Generally nearby points have a high value, whilst values further away have a lower value as they have less influence. The weighting is then multiplied in relation to the distance between the known and unknown points (). This then relates to the ride height difference between these points, as shown through the formula below ( = front ride height  = rear ride height).

[bookmark: _Toc239543132][bookmark: _Toc239545056]Equation 9 – Calculating the radial / distance between points



Using the RBF interpolation formula can result in noisy data and so a smoothing function is implemented to enhance results. This can be done using the addition of the kernel (), where it uses the smoothing function () itself to change the surfacing and is implemented through equations below. 

[bookmark: _Toc239543133][bookmark: _Toc239545057]Equation 10 – Smoothing out RBF interpolation formula (J.C.Carr, et al. 2003).
 


[bookmark: _Toc239543134][bookmark: _Toc239545058]Equation 11 – Smoothing out RBF interpolation formula (J.C.Carr, et al. 2003).


The rate at which smoothing is included is reliant on the regularisation parameter (c), where a high number removes the peaks significantly (scikit learn, 2026). Furthermore, this c is implemented using the designated smoothing formula below and then analysed tools are used to understand the smoothing process (Smoothing kernel and FWHM). The smoothing can be done with a desired order of the basis function  as shown below.  It must be stated that the value of c clearly results in the use of unsmoothed data for all functions and analysis methods. 

[bookmark: _Toc239543111][bookmark: _Toc239545035][bookmark: _Toc239604345]Table 3 - Table on smoothing basis function and the analysis methods of the smoothing (J.C.Carr, et al. 2003)
	Basis function (β)
	Smoothed
	Smoothing kernel
	FWHM (width at half maximum)

	 = 1
	
	
	
≈ 0.936 c

	 = 3
	
	
	
≈ 0.8162 c





3.6. [bookmark: _Toc239597609]DOE (Design of Experiment)
Design of Experiment is a powerful tool when saving time through multi matrix tests, it allows the inclusion of multiple different optional tests, which proves important in later use in driver out of the loop simulations.
Furthermore, choosing what DOE simulations to use can significantly influence the distribution and number of the run points needed. The most common use of a DOE model is through Box Behnken model where a 3 by 3 by 3 matrix occurs with a mid, min and max value for each setting being applicable. The method then removes points to leave 4 on the bottom, 4 mid points and then 4 maximum points, with one centre point for the entire matrix. 

[image: 3-D cube plot of Box-Behnken design for 3 factors]
[bookmark: _Toc239542902][bookmark: _Toc239543013][bookmark: _Toc239544953][bookmark: _Toc239604252]Figure 15 – Box Behnken model points (Engineering statistics handbook, date unknown)

Using these points, it then fits a response curve in relation to the output value indicating what the best result is depending upon the points of interest. This method reduces the number of known points from 27 possible runs, to 13 points. 
Methods including partial and full factorial, and central composite design are applicable, however, due to the significant time required to complete these methods, and holding more importance on the trend of results rather than completing all simulation points, they were ruled out (K.Manatura, et. al, 2022). 
This report uses a 6 and 4 factor Box Behnken model which expands the traditional model into a multi variable aspect (Pen State Eberly college of science, 2024). It takes the traditional 3 variables and then applies these tests to the pairings of these variables, acting as only two changes occur and then the response value is created for 2-dimensional variables. In addition, it then uses the centre points as a consistency test for Box Behnken tests, to show consistency in the results throughout the test. 

4. [bookmark: _Toc239597610]Validating CFD + Surfacing methods
4.1. [bookmark: _Toc239597611]Surfacing method analysis
4.1.1. [bookmark: _Toc239597612]Interpolation method analysis
Interpolation is one of the key methods used in all forms of numerical extrapolation due to the ease of implementation with several coding software’s having built in functions to use, including MATLAB. Even though the values have built in functions, it is important to understand if they are best suited for this scenario.
Interpolation is most effective at creating trends in the data and giving a smooth transition between known data points, as shown below. However, as stated previously the regions outside the known points continue the trends linearly, often leading to quick changes in aerodynamic values. With the grid data, the interpolation works well as the values cover most of the aero map and therefore, suggesting that if more traditional sporadic data points are used, in this case the SABE data, the interpolation gives more uncontrollable distribution.
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[bookmark: _Toc239542903][bookmark: _Toc239543014][bookmark: _Toc239544954][bookmark: _Toc239604253]Figure 16 - Balance aero map using interpolation of the grid data

When using SABE’s data points, the change in the values is extreme outside the data points region. There are also regions on the aero map that do not have a smooth transition in the known region due to it using the nearest known points of the triangulation, creating these discrepancies when it changes to an unknown region. As shown in the figure below, certain points are positioned close together resulting in significant changes in values. 
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[bookmark: _Toc239542904][bookmark: _Toc239543015][bookmark: _Toc239544955][bookmark: _Toc239604254]Figure 17 -Cl aero map using interpolation of SABE CFD data

As stated previously, there are a couple of different sub methods used on specific types of interpolation. Therefore, understanding the influence these methods have on the calculations could improve the accuracy of the results. It would be expected that natural neighbour is the most appropriate method due to the smoothing of data. Nearest neighbour was not tested due to the clear issue with it using the same values for the closest points. To test other methods the 25mm front and 45mm rear data point was removed and then a comparison between the previous true value of that position and the interpolation value at that respective point can be made. It was chosen due to the location being surrounded by multiple data points, leading to an increase influence from the localised regions. This can only be done for the interpolation and not the extrapolation as natural neighbour is not applicable through extrapolation, due to it requiring the nearby points to calculate its value and therefore, cannot work in areas that are unknown.
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[bookmark: _Toc239542905][bookmark: _Toc239543016][bookmark: _Toc239544956][bookmark: _Toc239604255]Figure 18 - Balance aero map using interpolation methods for SABE CFD data (without 25mm front 40 rear) with natural neighbour interpolation
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[bookmark: _Toc239542906][bookmark: _Toc239543017][bookmark: _Toc239544957][bookmark: _Toc239604256]Figure 19 - Balance aero map using interpolation methods for SABE CFD data (without 25mm front 40 rear) with linear interpolation



[bookmark: _Toc239543112][bookmark: _Toc239545036][bookmark: _Toc239604346]Table 4 - Values for the different aerodynamic properties and their related value at 25mm front and 40mm rear
	Aerodynamic properties
	Nearest neighbour interpolation
	Nearest neighbour interpolation % difference
	Linear interpolation
	linear interpolation % difference

	Cd
	0.440
	0.910
	0.439
	1.139

	Cl
	-1.402
	4.066
	-1.380
	5.725

	Balance
	49.046
	3.026
	49.019
	3.083

	Efficiency
	-3.185
	3.172
	-3.146
	4.451



The data follows expected trends with there being a consistent close value between the true and nearest neighbour interpolation percentage difference. In addition, the data is slightly smoother in areas due to the location switching from one triangulation of the linear method, to using the distance in relation to the nearby points with nearest neighbour.


4.1.2. [bookmark: _Toc239597613]Polynomial coefficient method analysis
Polynomial method is useful as it gives a formula that can be utilised in other applications such as simulations, due to it fitting the surface that best fits the data points. However, this does also have a limitation of the known data points not being used exactly. If these values are far away from the surface, it can lead to vehicle simulations and characteristics not correlating, resulting in significant differences occurring between the track and what is expected from the simulated lap data. So, understanding the difference between these values is important.  In the case of analysing grid data, the polynomial method shows strong levels of comparison for the varying trends.
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[bookmark: _Toc239542907][bookmark: _Toc239543018][bookmark: _Toc239544958][bookmark: _Toc239604257]Figure 20 - Polynomial coefficient for Cd using grid data

[bookmark: _Toc239543113][bookmark: _Toc239545037][bookmark: _Toc239604347]Table 5 – Front and rear ride height and the related percentage difference between known and polynomial coefficient data points
	Front ride height (mm)
	Rear ride height (mm)
	% Difference in Cd

	20
	30
	1.657

	20
	50
	-2.1822

	20
	70
	0.5685

	40
	30
	-1.4776

	40
	50
	0.8881

	40
	70
	0.5113

	60
	30
	-0.0688

	60
	50
	1.0715

	60
	70
	-0.9664



When comparing the grid data, the percentage difference is not significant. This is likely due to the even distribution of points and a consistent trend within these data points. Therefore, when transitioning to the SABE data to cross compare with a set of data points that have no pattern, a more unpredictable data discrepancy may be produced, as shown below. However, this was not the case, with only one point (35 front, 50 rear), having a percentage difference larger than 4% for all aero properties. 

[bookmark: _Toc239543114][bookmark: _Toc239545038][bookmark: _Toc239604348]Table 6 – The related front and rear ride height and the related percentage difference between the known and polynomial coefficient data points
	Front ride height (mm)
	Rear ride height (mm)
	% Difference in Cd
	% Difference in Cl
	% Difference in Efficiency
	% Difference in Balance

	10
	30
	-1.042
	-1.995
	-2.360
	-1.106

	20
	30
	0.763
	2.567
	2.278
	1.867

	30
	35
	-0.666
	-0.896
	-0.791
	-0.182

	15
	40
	0.544
	0.395
	0.717
	-0.124

	25
	40
	0.995
	2.220
	1.398
	1.311

	20
	50
	-0.174
	-1.243
	0.100
	-0.970

	30
	50
	0.546
	2.868
	-1.455
	2.324

	35
	50
	-0.513
	-9.306
	-1.125
	-8.895

	45
	55
	-0.288
	3.239
	-0.683
	3.561

	25
	60
	0.251
	2.644
	1.973
	2.475

	35
	65
	-1.078
	0.618
	-0.583
	1.516

	55
	70
	0.445
	0.024
	1.217
	-0.400

	30
	75
	0.221
	-1.113
	-0.655
	-1.331

	
	
	
	
	
	



This can therefore be beneficial when trying to spot outliers in data and values that do not fit the trend of the aero map. However, if this outlier was a stall point, then an issue occurs where the showing of this in the results is not well applied.  Therefore, this method of trend analysis is useful for design or general vehicle aerodynamic investigations where reliance can be placed more on the trend, rather than the numerical results. However, when more precise modelling is required, the polynomial coefficient is inefficient in capturing the data with a high enough degree of accuracy. As a result, this method is ideally suited for when CFD run time is important, such as Formula one, where CFD processing time is limited and understanding a vehicles trend is more important than the physical results.


4.1.3. [bookmark: _Toc239597614]Kriging method analysis
The Kriging method is strong in the creation of the aero map due to the shape and feature created being simple to understand, as well as it following a free-flowing pattern. A slight area of weakness is observed towards the edge, where the front ride height is high and rear is low. It is expected that the balance should continue to shift forwards, however, it begins to flatten out/regress due to it following trends that don’t align with aerodynamic principles of aerodynamic vehicles. This suggests that estimated points that are outside of the CFD data points are areas of weakness, which correlates with one of the predominant features of the Kriging method, being the nuggets of the system. As seen in figure 22 the uncertainty of these methods becomes more apparent further away from the known points and can be expected in all simulations using the Kriging method. Furthermore, the uncertainty trend between different aerodynamic properties (Cd, Cl, CoP) does not change, as they are using the same method to calculate the error, it is the value of the error that changes between them.
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[bookmark: _Toc239542908][bookmark: _Toc239543019][bookmark: _Toc239544959][bookmark: _Toc239604258]Figure 21 - 3D aero map showing the Balance % using the Kriging method
	[image: ]
[bookmark: _Toc239542909][bookmark: _Toc239543020][bookmark: _Toc239544960][bookmark: _Toc239604259]Figure 22 - 3D aero map showing the error of the Kriging method



The Kriging method becomes unreliable towards the extremities of the known values (Daeyeon Lee, et.al, 2017). For example, when at higher rear ride heights, the method suggests it begins to drop off in value, this is due to the Kriging method using nearby values for reference and therefore, as data points get further away, they have less impact as these data points want to return to the mean value. This is why the upper and lower balance values have more of an aggressive response. The use of the uncertainty graph is key for identifying these areas of weakness and is something that can be utilised for CFD point development. Therefore, when implementing this on the SABE CFD it can help suggest the area that require additional focus. 

[image: ]
[bookmark: _Toc239542910][bookmark: _Toc239543021][bookmark: _Toc239544961][bookmark: _Toc239604260]Figure 23 – Kriging uncertainty of balance percentage using SABE CFD data

To contradict the previous statement of these poor regions where additional focus may be required, if the vehicles dynamic movement is not going to be positioned in this region, then additional focus is not going to be required. The uncertainty analysis does not consider if these points are regions that might have results caused by fluctuation in nearby values and is a reason for the work carried out later on.
The balance results are the only aero values that follow similar trends to SABE. The regions show values that predominantly follow aero dynamic principals with potential stall points indicated. 
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[bookmark: _Toc239542911][bookmark: _Toc239543022][bookmark: _Toc239544962][bookmark: _Toc239604261]Figure 24 - Kriging aero map balance percentage using SABE CFD data
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[bookmark: _Toc239542912][bookmark: _Toc239543023][bookmark: _Toc239544963][bookmark: _Toc239604262]Figure 25 – Aero surfacing method by SABE CFD data (John Hughs, 2022)



4.1.4. [bookmark: _Toc239597615]RBF method analysis
With RBF being used for a large variety of different applications in and outside of engineering, it would be expected that this would be a strong candidate for aero surfacing. This method uses the original points, whilst in addition, smooths out the data. The actual data points are not exact for surfacing points, so controlling the rate of smoothing is important. This requires understanding of the influence of the smoothing of data points. 
Due to the input values being evenly distributed in the grid layout, when the influence of the nearby points are applied, it changes the values surrounding it evenly. The smoothing shifted the points locally; however, the percentage difference of these points is not significant. There is an argument that smoothing is not required, as the dataset visually and numerically appears smooth, as shown through the contour lines in figure 26.
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[bookmark: _Toc239542913][bookmark: _Toc239543024][bookmark: _Toc239544964][bookmark: _Toc239604263]Figure 26 - The Absolute pressure difference between smoothed and unsmoothed first order RBF plot using a c value of 1

[image: ]
[bookmark: _Toc239542914][bookmark: _Toc239543025][bookmark: _Toc239544965][bookmark: _Toc239604264]Figure 27 – RBF Aero map with 1st order smoothing implemented with a c value of 1
When comparing the figures below, it is seen that the smoothing of the data is too aggressive if the c value is set too high and therefore, removes points of previous interest. It could be suggested, depending upon type of application, if the vehicle is being initially tested in driver out of the loop simulations to understand the dynamic movement and calibration of the vehicle, a high level of smoothing should be used. However, to achieve a more accurate result, switching to a lower smoothing value would be required.
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[bookmark: _Toc239542915][bookmark: _Toc239543026][bookmark: _Toc239544966][bookmark: _Toc239604265]Figure 28 – Balance RBF aero map with 1st order no smoothing implemented using grid data
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[bookmark: _Toc239542916][bookmark: _Toc239543027][bookmark: _Toc239544967][bookmark: _Toc239604266]Figure 29 – Balance RBF aero map with 1st  order smoothing implemented using grid data with a c value of 10



The use of the grid data point method has a significant influence on results, especially if stall points are apparent. These stall points can have significant implications on the performance of the vehicle as stated previously. With this, if the change from point to point is aggressive, the use of the smoothing may be more influential. However, the region of the stall point should not change drastically to ensure it is still captured correctly. Therefore, the RBF method was also tested using SABE CFD results (John Hughs, 2022), figure 25. The SABE data using the RBF aero map would suggest the vehicle begins to stall at a low ride height in both aero maps. 

[image: ]
[bookmark: _Toc239542917][bookmark: _Toc239543028][bookmark: _Toc239544968][bookmark: _Toc239604267]Figure 30 – Balance RBF aero map with 1st order smoothing implemented on SABE CFD data with a c value of 1

The RBF plot can be done in 3rd order smoothing which does manipulate some of the values, in particular, regions below 25mm front and 50mm rear. The 3rd order smoothing manipulates the data slightly whilst maintaining the consistency of the original data. Deciding on which method to use can be assessed by removing a data point and seeing which value replicates the true value with the least discrepancy.
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[bookmark: _Toc239542918][bookmark: _Toc239543029][bookmark: _Toc239544969][bookmark: _Toc239604268]Figure 31 - Balance RBF aero map with 3rd order smoothing implemented on SABE CFD data with a c value of 1

[bookmark: _Toc239543115][bookmark: _Toc239545039][bookmark: _Toc239604349]Table 7 - Percentage difference between 1st order and 3rd order polynomial on a known balance data point (20mm front 40mm rear) using RBF surfacing
	
	Balance (%)
	Percentage difference to true value (%)

	True value
	50.530
	N/A

	1st order
	49.293
	2.448

	3rd order
	49.408
	2.221



The 3rd order polynomial had a smaller difference in relation to the true value, hence being chosen as the best option to use for RBF aero surfacing for balance of the vehicle. This is also consistent with other aero values for this vehicle. However, it should be said that this is not consistent across all vehicles, let alone aero values (Cd, Cl), as a different order of smoothing can manipulate data in negative or positive ways. Therefore, testing the values by removing a known data point for comparison is a strong starting point before deciding which aero surfacing model to implement.
4.1.5. [bookmark: _Toc239597616]Surfacing method best suited to the vehicle
When choosing an aero surfacing method, it is important to understand how the values are displayed. Comparing previous aero maps completed by SABE can help to identify the regions that most accurately represent the data.
Polynomial coefficient is ruled out as it doesn’t produce an aero map with a high level of accuracy, due to the surface nature of the method. In addition, it doesn’t use the specific values of all the data points and therefore rules out the use of this method. The RBF used in this report, doesn’t use the point specifically due to the polynomial feature and the level of smoothing, however, the maximum deviance is under 0.32%. As well as this, the general aero surface distribution of the contour is one that follows aero dynamic principles, with high front ride height and low rear ride heights resulting in a shift in balance rearwards, and a reduction in downforce. The region of the unknown is an area of potential weakness for the kriging method, due to it showing regions on various aero variables that could be correct, such as stall points in downforce for 40 front 40 rear. However, it is very patchy in the data and therefore, the inconsistency in the regions of unknown data points is a reason it cannot be used. Due to Kriging being able to produce regions of uncertainty results this could have been used later on in the report for CFD point locations to run. Interpolation doesn’t have a smooth enough transition between points when a high number of points are implemented compactly. However, when the data point was removed previously, it produced a smooth transition and so could be suggested to be used when there is lacking CFD data points. It must be noted that the SABE data is completed with a surface plot, so may contain inaccuracies. Therefore, using the same step as previous, removing a known point, further proves the quality of the RBF method as shown in the table below. This led to RBF interpolation being used as the predominant surfacing method moving forwards. Using this method contradicts other papers that use a Kriging /Gaussian process (Daeyeon Lee, et.al, 2017) (S. K. Suryasentana, B. B. Sheil, date unknown), however due to the error of the results shown below Kriging can’t be used.

[bookmark: _Toc239543116][bookmark: _Toc239545040][bookmark: _Toc239604350]Table 8 - Removal of a known data point and the % difference in relation to the known values
	25mm front, 40mm rear point removed
	Interpolation
	Polynomial coefficient
	Kriging
	RBF

	
	Value
	Abs % difference true value
	Value
	Abs % difference true value
	Value
	Abs % difference true value
	Value
	Abs % difference true value

	Cd
	0.440
	0.910
	0.439
	1.139
	0.445
	0.225
	0.442
	0.453

	Cl
	-1.402
	4.066
	-1.420
	2.747
	-1.547
	5.688
	-1.462
	0.205

	Efficiency
	-3.185
	3.026
	-3.234
	1.608
	-3.474
	5.411
	-3.307
	0.635

	Balance
	49.046
	3.172
	49.675
	1.692
	49.215
	2.602
	49.408
	2.221





4.2. [bookmark: _Toc239597617]MIRA and SABE result CFD comparison
To validate the CFD methodology used for testing CFD runs completed in this report, input values were gathered from previous reports on the MCR CFD process, as well as reviewing the research leading to a robust methodology that works effectively. However, correlating it to real world values can also improve the accuracy of these results. Therefore, using the MIRA wind tunnel values partially reinforces the results. Figures below show that there is a significant difference between the data of the CFD to the wind tunnel and this is due to the different simulation settings. It does need to be stated that Run number 7 (66mm front 67mm rear) was removed from the CFD surface results due to the anomaly that occurred at this value. Settings such as rotating wheels and moving floor were not implemented to more accurately represent the MIRA wind tunnel setup, as mentioned previously. However, the wind tunnel data shows little fluctuation in results from point to point in comparison to the CFD data, except for the balance of the vehicle, where the wind tunnel has a significant fluctuation in results. Both sets of data resulted in the lowering of both front and rear ride heights producing less drag.  

[image: ]
[bookmark: _Toc239542919][bookmark: _Toc239543030][bookmark: _Toc239544970][bookmark: _Toc239604269]Figure 32 – Cd aero map using RBF surfacing showing the comparison MIRA wind tunnel and CFD simulation using the same ride height data points

The Cl has a clear offset affecting the data with little to no trend between the two sets, aside from when, at a high angle of attack, the largest amount of downforce is produced. The level of accuracy of the wind tunnel is poor. Wind tunnel data shows no significant drop off in downforce when the front ride height is below the rear, which de rakes the vehicle reducing the performance of the vehicle. In addition, the balance does not see this change and surface plots show significant deviation, to unrealistic levels. These issues likely arise from the MIRA wind tunnel simulations having no moving floor interaction components. As stated previously, the MIRA wind tunnel uses a kick board to reestablish the boundary layer on the floor of the wind tunnel. This boundary layer will improve the results but will also result in the rear of the vehicles boundary layer size increasing, removing accuracy, reducing the downforce at the rear of the vehicle in the wind tunnel. 

	[image: ]
[bookmark: _Toc239542920][bookmark: _Toc239543031][bookmark: _Toc239544971][bookmark: _Toc239604270]Figure 33 - Cl aero map using RBF surfacing showing the comparison MIRA wind tunnel and CFD simulation using the same ride height data points
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[bookmark: _Toc239542921][bookmark: _Toc239543032][bookmark: _Toc239544972][bookmark: _Toc239604271]Figure 34 - Balance aero map using RBF surfacing showing the comparison MIRA wind tunnel and CFD simulation using the same ride height data points



This led to a stronger validation case to be made in conjunction with SABE CFD results. Furthermore, the use of post processing for cross comparison can further improve the understanding of the accuracy of the simulation. The aero map comparison is completed using the exact same method as RBF surfacing and does not use SABE’s aero map contour plot.
There is strong comparison between the two sets of data with consistent trends for all aerodynamic variables. The only regions where there is a considerable amount of deviation is when results are generally in regions where extrapolation occurs, as shown below. There is a consistent trend with the downforce values and a general over prediction of the CFD results in comparison to SABEs values, apart from two points: 30mm front, 50mm rear and 10mm front, 30mm rear. The 30mm front case is likely to be due to a small outlier with the nearby values all showing a clear trend. The 10mm front case is likely due to the lack of a boundary layer being modelled in the new CFD values in comparison to SABE’s. Ideally, prism layers would be implemented, however, due to difficulties with implementing these accurately they were removed for the benefit of producing an improved quality mesh. The boundary layer is specifically important in regions where there is close interaction between surfaces, in this case, the splitter and the floor. If the boundary layer scales too large and intersects the floors boundary layer, issues may arise. The implementation of prism layers can assist in removing this issue.
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[bookmark: _Toc239542922][bookmark: _Toc239543033][bookmark: _Toc239544973][bookmark: _Toc239604272]Figure 35 – Cl RBF aero map for comparison between SABE CFD results and completed CFD results 
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[bookmark: _Toc239542923][bookmark: _Toc239543034][bookmark: _Toc239544974][bookmark: _Toc239604273]Figure 36 – Balance RBF aero map for comparison between SABE CFD results and completed CFD results



In addition, when investigating post processing between simulations, there are key similarities in the flow structure, especially towards regions where the flow has separated. The figure below shows this effect, the front splitter shows separation towards the top where the angle of attack is too steep. The wake region under the rear deck where the velocity of the floor overpowers airflow flowing through the radiators is another example. The wake region behind the vehicle also shows significant similarities, likely due to the similarities in the turbulence model selected.
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[bookmark: _Toc239542924][bookmark: _Toc239543035][bookmark: _Toc239544975][bookmark: _Toc239604274]Figure 37 - Velocity contour plot 0.4m away from centre line for 30mm front 75mm rear from SABE data
	[image: ]
[bookmark: _Toc239542925][bookmark: _Toc239543036][bookmark: _Toc239544976][bookmark: _Toc239604275]Figure 38 - Velocity contour plot 0.4m away from centre line for 30mm front 75mm rear from CFD results



Due to the consistent data comparison between SABE and the CFD results using the same points, validation of the CFD methodology can be proven and gives confidence in the reliability of the results.


5. [bookmark: _Toc239597618]MCR attitude aero performance
Leading on from the MCR validation of surfacing method and the CFD methodology, the implementation of the current vehicle performance can occur due to design changes to the bodywork being made between the current and previous aero dynamic work completed. With these results, the use of a grid method for a range of aero map run points was implemented, as well as the addition of looking at the influence of yaw on the vehicle. The yaw can show the change in performance through cornering as this is when a change in yaw angle is most frequent. In motorsport, a common yaw angle is around 5 degrees and therefore a midpoint was located to further understand the trends (L.Roberts, et.al,2015).

The aero map surfaces can be seen in the appendix, but the use of line graphs can show the change in relation to the yaw. Clear trends occurred with Cd improving with the rotation of the vehicle. This would be not expected due to the vehicle not being directly onto the oncoming airflow. However, it is due to the data using the coefficient of drag and therefore, if the frontal area is considered when the yaw angle changes, it will impact the results. 

[image: ]
[bookmark: _Toc239542926][bookmark: _Toc239543037][bookmark: _Toc239544977][bookmark: _Toc239604276]Figure 39 - Cd change in relation to a change in yaw angle of the MCR

Cl follows changes that are expected with a decrease in performance in relation to an increase in yaw angle. The performance drops due to the aerodynamic performance of the vehicle being designed predominantly through straight line tests and therefore, the yaw aspect of the vehicles aerodynamic performance is lacking.

[image: ]
[bookmark: _Toc239542927][bookmark: _Toc239543038][bookmark: _Toc239544978][bookmark: _Toc239604277]Figure 40 - Cl change in relation to a change in yaw angle of the MCR

With the MCR, when a yaw angle is applied, it would show the drop in total pressure under the floor of the vehicle as well as under the rear deck of the vehicle. Due to the yaw of the vehicle, the airflow doesn’t smoothly flow underneath the vehicle, and so subsequently drops the total pressure underneath the floor. In turn, as the flow transitions downstream, this has a knock-on effect on the rear deck.
5 degrees of yaw at Z = 0.45m (parallel to vehicle)

[image: ][image: ]No yaw at Z = 0.45m (parallel to vehicle)

[bookmark: _Toc239542928][bookmark: _Toc239543039][bookmark: _Toc239544979][bookmark: _Toc239604278]Figure 41 - Influence of yaw on the vehicle with a cut plane showing total pressure at Z = 0.45m parallel to the vehicle for no yaw (bottom) and 5 degrees of yaw (top)
The average balance has negligible amount of deviation between alternate yaw angles. The front splitter sees separation occur on the inside of the front left pontoon, reducing the front-end performance of the vehicle. With the airflow losing energy under the rear deck, as stated previously, this removes the performance in this area. This results in a consistent and even reduction in performance across the vehicle, resulting in little deviation in balance for the change in yaw.
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[bookmark: _Toc239542929][bookmark: _Toc239543040][bookmark: _Toc239544980][bookmark: _Toc239604279]Figure 42 - Balance change in relation to a change in yaw angle of the MCR

	[image: ]5 degrees of yaw at Y = 0.4m

	[image: ]No yaw at Y = 0.4m
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[bookmark: _Toc239542930][bookmark: _Toc239543041][bookmark: _Toc239544981][bookmark: _Toc239604280]Figure 43 – Total Pressure plot distribution between vehicle with no yaw angle (right) and 5 degrees of yaw (left) using a cut plane at Y = 0.4m

The overall deviation in the change in ride height follows expected trends with a general higher raked vehicle producing an increase level of downforce. The increase level of downforce comes from the front of the vehicle acting as a positively angled surface for airflow to attach to, like the underside of a wing. This then allows for low pressure created at the front of the vehicle to diffuse down the vehicle. 20mm front, 70mm rear ride height does show a small drop in downforce in comparison to the 40mm front, 70mm rear, and this could be explained by the airflow being unable to stay attached to the underside of the vehicle as the angle of attack of the vehicle is too aggressive, as shown through the separation under the floor in the image below.
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[bookmark: _Toc239542931][bookmark: _Toc239543042][bookmark: _Toc239544982][bookmark: _Toc239604281]Figure 44 - Front and rear ride height in relation to the Cl of the vehicle for no yaw angle
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[bookmark: _Toc239542932][bookmark: _Toc239543043][bookmark: _Toc239544983][bookmark: _Toc239604282]Figure 45 - Velocity contour plot at Z = 0.45m using 20mm front 70mm rear ride height



Both balance and drag follow trends that are to be expected with a progressive trend of a high front and rear ride height resulting in high levels of drag. The balance follows the trend of a negatively raked vehicle (high front ride height, low rear ride height) shifting the balance rearwards, vice versa with a positive raked vehicle. The balance does show a point of stalling when at 20mm front, 70mm rear ride height, which comes from when the stalling of the front splitter when at this aggressive angle.
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[bookmark: _Toc239542933][bookmark: _Toc239543044][bookmark: _Toc239544984][bookmark: _Toc239604283]Figure 46 – Velocity cut plane at Z = 0.45m using 20mm front 70mm rear ride height
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[bookmark: _Toc239542934][bookmark: _Toc239543045][bookmark: _Toc239544985][bookmark: _Toc239604284]Figure 47 -Velocity cut plane at Z = 0.45m using 40mm front 70mm rear ride height



This ride height study used a grid method for the location of the CFD run points. There is a better method to understanding what ride height locations need to be investigated to understand the performance of the vehicle, which lead to the next development of the project.


6. [bookmark: _Toc239597619]Developing aero map run points 
Commonly ride height studies often use iterative processes to develop the aero maps. This reduces the number of runs required, with an increased level of accuracy in points of interest. This is due to ride heights that have similar values or trends no longer requiring additional data points due to the marginal gain in accuracy. Time saved here can be used to review areas of high interest, for example stall points. 
The importance of finding where these iterative points of interest are is key as they need to be focused on where the vertical dynamic movement of the sprung mass is located. This is done using CFD to understand the performance of the vehicle around the circuit. Alternatively, it could also be used to investigate if the vehicle could be situated in a better position dynamically, outside of the specific region of interest. These two methods involve one looking at a small specific area of interest, whilst the other focuses on a larger ride height range with the possibility of changing the set up in order to get the vehicle in an alternative ride height.
A common method used to identify points of investigation is using Latin hypercube sampling (LHS). This creates randomised points of non repetitive x and y locations (Daeyeon Lee, et.al, 2017). However, can produce an unevenly distributed location of points (figure 48 - left) therefore by adding a function to evenly distribute these points can improve the distribution of the results (figure 48 - right). Both these methods were not implemented and making a system that relates more to the points of interest using suspension data was implemented as described below.
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[bookmark: _Toc239542935][bookmark: _Toc239543046][bookmark: _Toc239544986][bookmark: _Toc239604285]Figure 48 – LHS (Lain hypercube sampling) distribution with standard (left) and optimal spacing (right) (Daeyeon Lee, et. al, 2017)


6.1. [bookmark: _Toc239597620]Aero Hotspot Map
Track data is key in understanding where to start investigating ride heights. Initially, a histogram showing the frequency of both front and rear ride height pairings to find the focus ride height points around the circuit was used (M.Barboza, 2026). After difficulties with this method and its accuracy, the suggestion of using a scatter plot was applied (T.Cooper, 2026), as shown below, as it is easy to identify the regions of concentration (where ride height points are frequent). The data was calculated using the movement in the damper potentiometer, with respect to the motion ratio, between the damper and the wheel vertical movement.
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[bookmark: _Toc239542936][bookmark: _Toc239543047][bookmark: _Toc239544987][bookmark: _Toc239604286]Figure 49 - Front and rear ride height around Silverstone National

To then identify the regions of interest accurately and remove human decision making, a scoring system in terms of level of importance was implemented. The scoring system uses values between 0 to 1, a score of 1 means that the value is exactly as seen on track, whilst a value of 0 is one that has not been seen anywhere close on track. Values are assigned to data between these scenarios depending on how close to track ride height point they are. For example, if the cut off point for getting a score is 5mm and the distance from the known ride height is 2.5mm, then the value would receive a score of 0.5. These are calculated for every ride height in the matrix and for every ride height point collected from track. A total tally is recorded and then the maximum score is set to 1, and all the other values are a percentage of the maximum score, lying somewhere between the 0 and 1 range. This plotted data gives a smooth transitional graph that can be altered depending upon the precise nature of the settings (the scale/distance a point can influence the nearby reference values).
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[bookmark: _Toc239542937][bookmark: _Toc239543048][bookmark: _Toc239544988][bookmark: _Toc239604287]Figure 50 - Ride height hotspot map around Silverstone National

The value with the highest score is then the most important location to investigate and therefore, is the first point to be run in CFD. However, if the next highest point (being close to the previous point) was also investigated, it would be an inefficient procedure, wasting resources and time. Therefore, a distance is kept where the investigated points cannot situate within a previous known point.
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[bookmark: _Toc239542938][bookmark: _Toc239543049][bookmark: _Toc239544989][bookmark: _Toc239604288]Figure 51 - Ride height hotspot map with areas of importance identified
[image: ]
[bookmark: _Toc239542939][bookmark: _Toc239543050][bookmark: _Toc239544990][bookmark: _Toc239604289]Figure 52 - Ride height hotspot map with areas of importance identified that are further than 2.5mm apart from one another

To identify where the MCRs starting points are, the same process was used, identifying areas of importance from around circuits driven by the MCR within the last year. This led to scatter plots identifying the clear deviance in ride height movement around the circuits and therefore, further addresses the importance of this step.

[image: ]
[bookmark: _Toc239542940][bookmark: _Toc239543051][bookmark: _Toc239544991][bookmark: _Toc239604290]Figure 53 – Front and rear ride height scatter plots from circuits competed at this year

[image: ]
[bookmark: _Toc239542941][bookmark: _Toc239543052][bookmark: _Toc239544992][bookmark: _Toc239604291]Figure 54 - Ride height hotspot maps with a 2.5mm spacing between the points for circuits competed at this year

Once applying the previous steps to the individual circuits and then finding the combined best position, it was clear that the region of focus was predominantly located between approximately 48mm to 56mm front and 63mm to 72mm rear. This region is then filled with the 10 nearest values with a maximum distance of 2.5mm as shown in the table below. 

[bookmark: _Toc239543117][bookmark: _Toc239545041][bookmark: _Toc239604351]Table 9 – The front and rear ride heights for the top 10 scores from the ride height hotspot map with 2.5mm distance threshold
	Position number
	Front Ride Height (mm)
	Rear Ride Height (mm)
	Score

	1
	52.333
	68.010
	1.000

	2
	54.333
	69.545
	0.758

	3
	50.333
	66.475
	0.741

	4
	54.667
	67.051
	0.544

	5
	52.000
	70.505
	0.490

	6
	56.667
	68.586
	0.441

	7
	50.000
	68.970
	0.432

	8
	52.667
	65.515
	0.419

	9
	50.000
	63.980
	0.324

	10
	56.333
	71.081
	0.318



Once completion of these results it showed strong results in the level of precision and accuracy of this point of interest, as shown in figure 55 (left). However, as initially stated if values were wanted to be found outside of this region, it is not accurate due to it being large distances away from the known values. Furthermore, a balance needs to be made between still prioritising the key areas (the hotspot) and the other areas of potential interest.  
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[bookmark: _Toc239542942][bookmark: _Toc239543053][bookmark: _Toc239544993][bookmark: _Toc239604292]Figure 55 – RBF CFD Aero Map using initial run points with localised region (left) and global region (right)

This initially led to the development of a method where after a desired amount of data points the minimum distance between CFD run locations would change. This can be seen below with the first points being 2.5mm apart, locations 6 - 10 being 5mm apart and 7.5mm for 11 to 15. However, this was quickly changed to an improved method using a growth rate value. This is where a value is input that effects all the points other than the starting point, in this scenario 1.1 was used. The growth rate uses the initial starting point minimum distance of 2.5mm and then multiplies it by 1.1 to get a new minimum distance of the next point to be 2.75mm, this carries on for the next point using the 2.75 multiplied by 1.1 to get 3.025mm away and so on.
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	[bookmark: _Toc239542943][bookmark: _Toc239543054][bookmark: _Toc239544994][bookmark: _Toc239604293]Figure 56 – Varying stepping amounts depending upon CFD run points
	[bookmark: _Toc239542944][bookmark: _Toc239543055][bookmark: _Toc239544995][bookmark: _Toc239604294]Figure 57 – Growth rate (1.1) for CFD run points



This showed a much smoother transition between points, as well as keeping the local points of interest value, whilst still having locations to pick up areas of less importance that need known points. This gives a strong balance between levels of accuracy and time taken investigating the points of interest. In addition, even though point number 14 has a score value of 0, it improves the distribution of the aero map by controlling the propagation of the values in the region around it. Without this point, the surfacing methods, as stated previously, will use the nearest known values depending upon the surfacing method and continue their trend for these areas. Therefore, the addition of a point in a region of less influence can still improve the aero maps by controlling the distribution of the aero values in these areas, as shown below. 

	13 CFD Points
[image: ]
[bookmark: _Toc239542945][bookmark: _Toc239543056][bookmark: _Toc239544996][bookmark: _Toc239604295]Figure 58 – Kriging aero map showing balance of the MCR using 13 CFD points
	14 CFD Points
[image: ]
[bookmark: _Toc239542946][bookmark: _Toc239543057][bookmark: _Toc239544997][bookmark: _Toc239604296]Figure 59 – Kriging aero map showing balance of the MCR using 14 CFD points



To identify the settings suited to the vehicle being investigated, a growth rate of around 1.1 works specifically for this vehicle. This is due to the hotspot map not requiring a significant amount of data points to fill the area, whilst not leaving areas significantly unknown as shown below. Getting this ratio between the number of points and growth rate works hand in hand and completely relates to the vehicle and the regulations in play. A vehicle that has a high amount of sprung mass travel results in a larger focus on the lower scoring regions, whilst a vehicle with a stiff suspension, such as in F1 (Mercedes AMG Petronas Formula 1 Team, date unknown), results in little amount of sprung mass movement making the area more localised. In addition to the movement of the sprung mass in F1, the regulations on the amount of CFD/wind tunnel time are key (Owen Bellwood, 2025). Due to these restrictions, F1 likely requires fewer runs covering a smaller area, resulting in a lower number of points, as well as higher growth rate.

[image: ]
[bookmark: _Toc239542947][bookmark: _Toc239543058][bookmark: _Toc239544998][bookmark: _Toc239604297]Figure 60 - Influence of growth rate on the position and number of points needed

In addition, consideration should be made for the distance of influence of the growth rate and number of points.  As stated previously, the influence of the cut off value of the scoring system will also affect the distribution and location of the hotspot maps. As with the growth rate, the distance of the influence needs to also relate to the vehicles movement of the sprung mass. As the figure below shows, a scale value of 1 is too low, due to the patchy nature of the data. This comes from regions of the scatter plot having blanks surrounded by data, as shown by figure 61. Whilst a scale value of 7.5 shows a large concentration and changes the distribution significantly. The value of 2.5 was chosen as it has a strong ratio between removing blank areas whilst keeping the density of the scatter plots. 

[image: ]
[bookmark: _Toc239542948][bookmark: _Toc239543059][bookmark: _Toc239544999][bookmark: _Toc239604298]Figure 61 – Influence of different scoring system scale values have on CFD run point and scoring distribution

The final ride height positions to be used in CFD produced a strong balance between the number of runs needed as well as the level of accuracy. In addition, it only uses one additional point in comparison to SABE’s run point on their vehicle aero performance investigation and shows a similar trend in focus where a linear increase of front and rear ride height occurs. In addition, the aero hotspot focuses more on the current location of the vehicle, rather than the potential alternative better areas, to attempt to change the dynamic position of the front and rear ride height that SABE completed. It shows that SABE were investigating the potential regions for the vehicles ride heights to be situated at, whilst the iterative explores the regions of known aerodynamic performance and identifies the regions of interest with this.

[image: ]
[bookmark: _Toc239542949][bookmark: _Toc239543060][bookmark: _Toc239545000][bookmark: _Toc239604299]Figure 62  - CFD run locations between SABE and the iterative points
6.2. [bookmark: _Toc239597621]CFD analysis of hotspot aero map
Using both the points of investigation method and the RBF surfacing method creates a clear understanding of the vehicle’s performance with a good weighting between the level of accuracy and the number of points required.
Once completion of these results it showed strong results in the level of precision and accuracy of this point of interest, as shown in figure 63 (left). However, as initially stated if values were wanted to be found outside of this region, it is not accurate due to it being large distances away from the known values. Furthermore, a balance needs to be made between still prioritising the key areas (the hotspot) and the other areas of potential interest.  
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[bookmark: _Toc239542950][bookmark: _Toc239543061][bookmark: _Toc239545001][bookmark: _Toc239604300]Figure 63 – RBF CFD aero map using initial hotspot locations with local analysis (left) and global analysis (right)

Traditionally, vehicles with significant amount of rake of the vehicle produce the highest levels of downforce (Simon McBeath 2015), figure 64. This is due to the front of the vehicle being closer to the ground, increasing the downforce at the front, with the underside of the vehicle acting as an angled surface for expansion of the airflow. However, the MCR behaviour contradicts this understanding (figure 64) and follows what begins to occur at high rear ride heights on figure 65. This is due to the influence of the front ride height of the vehicle not impacting the downforce significantly in comparison to the rear. The rear of the vehicle deviates in a region where the separation of the airflow reduces the ground effect. Resulting in a reduction of rear downforce.
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[bookmark: _Toc239542951][bookmark: _Toc239543062][bookmark: _Toc239545002][bookmark: _Toc239604301]Figure 64 - Influence of chassis rake on total downforce (Simon McBeath 2015)
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[bookmark: _Toc239542952][bookmark: _Toc239543063][bookmark: _Toc239545003][bookmark: _Toc239604302]Figure 65 – Influence of ride height of total downforce (Wouter Remmerie 2019)



The figures below show the difference in low pressure between vehicles of varying rake angles. The low pressure is much stronger in the vehicle with less aggressive rake angle and stems from the high velocity airflow underneath the vehicle being pulled up to the rear deck much smoother. Whereas the vehicle with high rake is too aggressive and struggles to transition between the floor and the rear deck, having a knock-on effect downstream, hindering the laminar flow of the vehicle, increasing turbulence. This also reinforces the balance aero map, where the balance significantly moves forwards between point 13 and 14 as the front of the vehicle is producing an increased amount of the downforce for run 13.
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[bookmark: _Toc239542953][bookmark: _Toc239543064][bookmark: _Toc239545004][bookmark: _Toc239604303]Figure 66 – Pressure plot at z = 0.45m with surface streamlines for run 13 (34.000mm front 57.263mm rear)
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[bookmark: _Toc239542954][bookmark: _Toc239543065][bookmark: _Toc239545005][bookmark: _Toc239604304]Figure 67 – Pressure plot at z=0.45m, with surface streamlines for run 14 (32.000mm front 70.889mm rear)



On the drag RBF aero map, there is a region where the drag deviates, this is around 60mm front and rear ride height. This is due to the rake of the angle being flat, therefore with a lower rake it results in lower drag. This is due to the small amount of airflow hitting the vehicle from a direct airflow, as the frontal area is reduced. Due to the low angle of the vehicle, the vehicle struggles with keeping the airflow attached, therefore the induced drag drops. The induced drag is where the negative or positive lift produces rotating vortices resulting in additional drag, therefore at high regions of downforce, it increases the drag of the vehicle.
There is a region (point 11) where despite having less than 1mm of rake, has larger drag in relation to the values, where the rear ride height has increased to approximately 62mm with 8mm of rake (point 8). In addition, the same occurs with the downforce being greater at point 11. However, after using post processing to compare the pressure distribution under the vehicle between points 11 and point 8, when at this lower rear ride height, the rear downforce improves and therefore results in induced drag.

[image: ][image: ]Position 8 (53.67mm front 61.68mm rear ride height)
Position 11 (57.00mm front 56.11mm rear ride height)

[bookmark: _Toc239542955][bookmark: _Toc239543066][bookmark: _Toc239545006][bookmark: _Toc239604305]Figure 68 – Pressure distribution cut plane at Z = 0.45m for position 8 (bottom) and position 11 (top)

In addition, there is another unexpected trend in the results.  When the vehicle has a very high front ride height, downforce increases, this is not realistic as it removes the rake of the vehicle as well as the ground effect of the vehicle. This occurrence is due to the aero surfacing method, as point 11 produces increased value in negative Cl, as stated previously, and therefore results in this propagation of the improvement in downforce for higher front ride heights. Adding in another data point at a higher front ride height could remove this trend. 



6.3. [bookmark: _Toc239597622]CFD Feedback loop
After CFD aero maps are made using these data points, it is often the case that additional points of interest are required due to stall points or if the change in aero values is sudden and unexpected. Therefore, it was decided to implement a feedback loop back into the system. This uses both the aero values where sudden changes have occurred and the unknown points that have not been investigated in relation to the score value given previously. This is once again done by using the scoring system implemented previously for the hotspot method. The weighting of the two areas of influence are 50/50, which is an area that could be investigated further on which should be weighted higher. In addition, there are multiple CFD points that don’t have a score of 0 therefore the influence of the points that are known values need to be implemented. Also, this was done using the Cl values and the influence of the other aero properties should also be added into the influence of the additional points of interest.
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[bookmark: _Toc239542956][bookmark: _Toc239543067][bookmark: _Toc239545007][bookmark: _Toc239604306]Figure 69 – Points of focus post CFD run


7. [bookmark: _Toc239597623]Lap simulation comparison and vehicle analysis
A successful way to investigate the effect of improving the accuracy of the results, is through the implementation of the aero results calculated previously into lap simulation software. The implementation of using an RBF aero surface with a c value of 1 and using 3rd order smoothing has been implemented into the ULAPS software. The ULAPS software uses mathematical formulas to calculate vehicle characteristics and results, using a driver out of the loop method. In addition, the use of tyre modelling accuracy such as pacejka model was adopted, which changes the accuracy that closely represents the MCR tyre data (M.Barboza, 2026). Various aero surfacing methods have been made available but as stated, to fit the MCR, the RBF surfacing is most appropriate to this application.
Firstly, correlation of the simulations required ULAPS simulation to replicate the track data from Silverstone National. In addition, the use of Vi-Grade can also assist in proving the accuracy of the ULAPS simulation. It must be stated that the VI-Grade settings are calculated from the pre-built race car model and are altered to reflect the properties of the MCR, leading to differences in some areas such as vehicle kinematics. 

	[image: ]
[bookmark: _Toc239542957][bookmark: _Toc239543068][bookmark: _Toc239545008][bookmark: _Toc239604307]Figure 70 – Vehicle velocity comparison between track data, Vi-Grade and ULAPS
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[bookmark: _Toc239542958][bookmark: _Toc239543069][bookmark: _Toc239545009][bookmark: _Toc239604308]Figure 71 – Lateral G comparison between track data, Vi-Grade and ULAPS



Various factors needed to be changed or scaled to represent the vehicle better. One of the biggest factors is the lateral and longitudinal mu of the tyres, as even though pacejka curves are present, fitting these to the performance of the tyres in relation to the condition of the track is important. The other factor is the aero forces being scaled down to accurately represent the track performance, as stated previously, CFD uses idealised settings and with geometry discrepancies, can lead to differences. The ULAPS resulted in a 60% reduction in downforce, whilst drag was reduced by 40%. This aligns with alternative work carried out where a ~50% reduction in aero values was implemented (M.Barboza, 2026). After applying the relative scaling factors, it proved a strong comparison for all scenarios, apart from the first corner of the Vi-Grade simulation. For this corner to align, the rest of the data shows deviations, therefore, it is likely to be that the Vi-Grade model can take the driver line much more aggressively than ULAPS and track data. 

[image: ]
[bookmark: _Toc239542959][bookmark: _Toc239543070][bookmark: _Toc239545010][bookmark: _Toc239604309]Figure 72 - Scaled values to represent the values in relation to the real values from external source for comparison (M.Barboza, 2026)

There is a significant amount of influence of the anti-droop system implemented on the MCR. The anti-droop system shows that they influence the roll of the vehicle by restricting the movement of the inside wheel for the corner. This would be as expected, with the inside wheel having restricted range of movement, thereby restricting the difference in outside to inside travel, resulting in a reduction in roll (J.Knapton, 2025). There is a difference in the roll between Vi-Grade and ULAPS and stems from the kinematic differences.

[image: ]
[bookmark: _Toc239542960][bookmark: _Toc239543071][bookmark: _Toc239545011][bookmark: _Toc239604310]Figure 73 - Roll angle for varying simulation techniques around Silverstone National

It must be stated that the influence the anti-roll bars (ARB’s) have in relation to the anti-droop stops is something that warrants further investigation. Due to the uncertainty in the ARB values for the soft, medium and hard settings and the level of torque they resist, makes it difficult to implement accurately. In addition, modelling the anti-droop stop system would need to be implemented in the simulations, however, can be done with further work. 
With the change in roll reduction, the droop stops on seems to have a negligible effect on the loads on the tyre (the droop stops are only situated on the front of the vehicle). This is due to the droop stops not impacting the loads being distributed as weight transfer still occurs. As the droop stops only limit the movement of the unsprung mass, it is not going to affect the loads that transition through the wheels to the contact patch.

[image: ]
[bookmark: _Toc239542961][bookmark: _Toc239543072][bookmark: _Toc239545012][bookmark: _Toc239604311]Figure 74 - zeroed front tyre loads around Silverstone National

There are key differences between the aero balance seen on track in relation to the other simulation methods. The track data shows much larger deviation in aero balance values in comparison to the others, suggesting a larger dynamic movement in the sprung mass. If a larger change in front and rear ride heights occur, it will subsequently result in a larger change in the aero balance of the vehicle.

[image: ]
[bookmark: _Toc239542962][bookmark: _Toc239543073][bookmark: _Toc239545013][bookmark: _Toc239604312]Figure 75 - Aero Balance comparison around the circuit layout for varying simulation method


8. [bookmark: _Toc239597624]Improving vehicle set up using lap simulation software
Understanding how the aerodynamic performance can then be tuned to reflect the vehicles characteristics through changes in set up can help place the vehicle in a better operating window. This often involves the stiffening of the vehicle, to keep the aerodynamic platform at a more stable location. The stability of this is vital for vehicles with high levels of balance fluctuation. Controlling the movement of the vehicle through the spring rates, dictates the vertical movement of the sprung mass. The rate of oscillation can be controlled using the springs, via the dampers, and assist with stabilising the solid platform. However by pursuing the benefits of keeping a rigid platform, it can remove the feel the driver has for the vehicle.  Only slight lateral and longitudinal G feeling of the vehicle would be experienced due to the reduction in roll and pitch of the vehicle. Therefore, a balance is required, where the vehicle is in the optimal operating window whilst allowing the driver to extract maximum pace out of the vehicle. 
Multiple simulations took place to understand the influence that changing the setup would have on the vehicle through the use of ULASP software. Changes in spring rates, ride heights and dampers were tested, producing a six-factor Box Benken method, where both front and rears would be altered independently from one another. The Box Benken was used over other methods such as a full factorial, due to the benefit of reducing simulation time as the full batch would result in 729 runs instead of the 54 with the Box Benken method.

[bookmark: _Toc239543118][bookmark: _Toc239545042][bookmark: _Toc239604352]Table 10 – Vehicle changes with the idealised setup using a 6 factor box Behnken
	
	Baseline
	Ideal setup

	Front spring rate
	750 lbs/inch
	726.901 lbs/inch

	Front ride height
	62 mm
	65.38 mm

	Rear spring rate
	800 lbs/inch
	879.63 lbs/inch

	Rear ride height
	61 mm
	71.24 mm

	Front damping
	0.7
	0.703

	Rear damping
	0.7
	0.702

	Lap time
	1.07.393 seconds
	1.07.228 seconds



These initial runs took place, however, produced an unexpected, best result. The idealised set up resulted in incorporating a high front ride height, soft front spring, with the rear springs increasing, whilst the other factors remain unchanged from baseline. The dampers made little to no effect and likely stems from the increase in downforce in recent years and not optimising the dampers in relation to the change in springs. Due to the downforce requiring stiff springs, the movement of the sprung mass changes less with stiffer springs, therefore the oscillation of the sprung mass is less impactful.
The most interesting contradiction to results from lap sim is the reduction in front spring rate and increase in front ride height. Commonly a lower front ride height and stiffer spring are the idealised set up due to it having an increased rigidity of the aerodynamic platform, as well as the aerodynamic performance being in a region where the downforce is greater. However, this is not the case and, in this scenario, due to the limitation of the aero map stated previously that shows a strong region of Cl when at high front ride heights. Therefore, the simulation wants to place the vehicle in this region, as shown through the figure below.
[image: ]
[bookmark: _Toc239542963][bookmark: _Toc239543074][bookmark: _Toc239545014][bookmark: _Toc239604313]Figure 76 - ARP (aerodynamic response plot) showing the ride height location between the Idealised and baseline set up

Therefore, this led to a further investigation with an increased range in front ride heights, to see if setting the vehicle with a more extreme front and rear ride height, as well as a larger spring change, would influence the results further. However, a similar result occurred, apart from when the front ride height is at a baseline position. When investigating this further and looking at the response surfaces of the individual variables, the front ride height only has one location where a baseline ride height is located significantly below the response curve, as shown in figure 77. 

[image: ]
[bookmark: _Toc239542964][bookmark: _Toc239543075][bookmark: _Toc239545015][bookmark: _Toc239604314]Figure 77 - The response curves for the individual changing factor

Therefore, after assessing that the curvature of the response does not deviate significantly, it was decided that the importance of this front ride height is not as influential on the location as previously assumed. After removing the high front ride heights due to them being in the specific location as a result of aero map inaccuracies, a new best point of 52mm front, 72mm rear, 650lbs/inch front and 800lbs/inch rear was chosen. There is one issue with this, a low front ride height could lead to scraping of the vehicle at the splitter, due to the lower spring rate. Therefore, using methods such as foam block testing or progressively changing the springs, it can be identified whether this will occur.

[bookmark: _Toc239543119][bookmark: _Toc239545043][bookmark: _Toc239604353]Table 11 - Table showing the ranking of the varying setups around Donington National with baseline (orange), idealised (green), chosen point (blue)
	RANK
	RUN NUMBER
	PREDICTED LAP TIME (S)
	FRONT RIDE HEIGHT (MM)
	rEAR rIDE HEIGHT (MM)
	FRONT Spring (N/mm)
	Rear Spring (N/mm)

	1
	22
	67.186
	62
	72
	113.832
	157.614

	2
	7
	67.242
	72
	72
	113.832
	140.101

	3
	12
	67.242
	72
	72
	131.345
	157.614

	4
	5
	67.236
	52
	72
	113.832
	140.101

	5
	10
	67.247
	52
	72
	131.345
	157.614

	6
	24
	67.316
	62
	72
	148.858
	157.614

	7
	25
	67.310
	62
	72
	131.345
	140.101




9. [bookmark: _Toc239597625]Conclusion
Using an RBF surfacing method gives the most accurate representation of the overall aerodynamic performance for aero maps, due to the weighting influence on the nearby points and the applicability of the smoothing functions between these. This gives a strong balance between accuracy and a smooth surface. In this scenario, using a c value of 1 and a beta () value of 3 gives the best level of accuracy specifically to the UWTSD sports 2000 race vehicle. 
The vehicle is currently situated in a dynamic position, where the sprung mass does not reach a low enough ride height where stalling can occur and therefore, would suggest getting the ride height in a low front and rear ride height to achieve the additional influence of the ground effect. Slight positive rake does need to be applied to the vehicle to maintain a responsive front end.
Developing aerodynamic run points to get a strong balance between time and accuracy is vitally important. The strength of which is more important depends upon the scenario, whether its low level of computational time where time is the scarce resource. To improve the accuracy, the use of the aero hotspot map can give precise locations on the points of most importance to understand the vehicles behaviour. In the case of the MCR, using a growth rate of 1.1 controlled the spacing of the run points, as well as an influence and scoring factor of 2.5mm each.
Lap simulations can assist in the prediction of vehicle performance, as well as the ability to apply a range of potential options to a vehicle’s characteristics. The influence of the initial correlation of the baseline runs is important as this can have a knock-on effect to future testing runs. In these testing runs, it must be considered that increasing factors including spring rate, limits the feel and dynamic movement of the vehicle, which in turn, reduces the driver’s confidence in the vehicle. 


10. [bookmark: _Toc239597626]Further work
There are multiple different aspects/ regions to focus on in this report. One of which is taking the validation of the CFD methodology further. This used a lot of existing work as validation and therefore, further work on independency studies can further improve these results. This could change the distribution of the aero maps leading to different surfacing methods predicting the data more accurately for this scenario.
To understand what aero surfacing methods suit the values the best, an automated code can be implemented to remove an individual point and then look at the change to the true value for all the ride height values where a true value is known. The surfacing method with the smallest error for the cumulative points can then be the decided surfacing method for that vehicle.
With the aero maps, an additional point could be located to remove the issue where the Cl improves when at higher front ride heights. This can then remove some of the errors experienced when batch simulations are run with the driver out of the loop simulations
A yaw study was completed, however, the influence of roll of the vehicle could also be tested to understand whether when one side of the vehicle drops and the other increases, does this show an improvement in downforce or hinder performance. In addition, the simulation modelling the yaw angle using a curved wind tunnel could further improve the results.
CFD feedback loop was implemented but never put into practice to test the effectiveness of the current method. In addition, there are points/ locations where the known values don’t have a score of 0 and therefore should influence the nearby region to show that a point is not needed. This could also be done as an iterative progress throughout the points of investigation, and after the first 3 points of investigation the future points can be located using both the regions not being captured as well as points where the aero map produces a significant change in CFD results.
The calibration of the ride heights seen on track into what is seen through the damper could be investigated using skid or foam blocks where they rub on the track and therefore, can indicate how much ground clearance is present. This can significantly influence the change in dynamic ride heights and therefore, the region the aerodynamic performance of the vehicle is operating in.
Droop stops and anti-roll bars influence on the Vi-Grade and ULAPS simulation could be investigated. These being modelled accurately could significantly influence the results of the lap simulation. In addition, understanding whether the two devices work independently or together could be investigated.
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[bookmark: _Toc239542965][bookmark: _Toc239543076][bookmark: _Toc239545016][bookmark: _Toc239604315]Figure 78 - Influence of the value C on the smoothing of the data (J.C.Carr, et al. 2003)
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[bookmark: _Toc239542966][bookmark: _Toc239543077][bookmark: _Toc239545017][bookmark: _Toc239604316]Figure 79 - Smoothing function of FWHM (width at half maximum) using a c value of 1 (J.C.Carr, et al. 2003)
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[bookmark: _Toc239542967][bookmark: _Toc239543078][bookmark: _Toc239545018][bookmark: _Toc239604317]Figure 80 - Cd interpolation aero map using SABE CFD data
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[bookmark: _Toc239542968][bookmark: _Toc239543079][bookmark: _Toc239545019][bookmark: _Toc239604318]Figure 81 – Cl interpolation aero map using SABE CFD data
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[bookmark: _Toc239542969][bookmark: _Toc239543080][bookmark: _Toc239545020][bookmark: _Toc239604319]Figure 82 – Efficiency interpolation aero map using SABE CFD data
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[bookmark: _Toc239542970][bookmark: _Toc239543081][bookmark: _Toc239545021][bookmark: _Toc239604320]Figure 83 - Cl polynomial coefficient aero map using grid CFD data

[bookmark: _Toc239543120][bookmark: _Toc239545044][bookmark: _Toc239604354]Table 12 - Percentage difference in known Cl values in relation to the polynomial coefficient aero map
	Front ride height (mm)
	Rear ride height (mm)
	% difference in Cl

	20
	30
	3.114

	20
	50
	-2.136

	20
	70
	-0.735

	40
	30
	-3.760

	40
	50
	-1.513

	40
	70
	4.470

	60
	30
	0.061

	60
	50
	4.117

	60
	70
	-3.708
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[bookmark: _Toc239542971][bookmark: _Toc239543082][bookmark: _Toc239545022][bookmark: _Toc239604321]Figure 84 - Balance polynomial coefficient aero map using grid CFD data
[bookmark: _Toc239543121][bookmark: _Toc239545045][bookmark: _Toc239604355]Table 13 - Percentage difference in known Balance values in relation to the polynomial coefficient aero map
	Front ride height (mm)
	Rear ride height (mm)
	% difference in Balance

	20
	30
	-6.885

	20
	50
	8.729

	20
	70
	-3.344

	40
	30
	9.733

	40
	50
	-9.964

	40
	70
	2.916

	60
	30
	-1.236

	60
	50
	-1.030

	60
	70
	1.607
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[bookmark: _Toc239542972][bookmark: _Toc239543083][bookmark: _Toc239545023][bookmark: _Toc239604322]Figure 85 – Efficiency polynomial coefficient aero map using grid CFD data

[bookmark: _Toc239543122][bookmark: _Toc239545046][bookmark: _Toc239604356]Table 14 – Percentage difference in known Efficiency values in relation to the polynomial coefficient aero map
	Front ride height (mm)
	Rear ride height (mm)
	% difference in Efficiency

	20
	30
	1.416

	20
	50
	-0.296

	20
	70
	-1.032

	40
	30
	-1.831

	40
	50
	-2.474

	40
	70
	3.957

	60
	30
	0.017

	60
	50
	3.089

	60
	70
	-2.876
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[bookmark: _Toc239542973][bookmark: _Toc239543084][bookmark: _Toc239545024][bookmark: _Toc239604323]Figure 86 -Kriging aero map showing Cl using SABE CFD data
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[bookmark: _Toc239542974][bookmark: _Toc239543085][bookmark: _Toc239545025][bookmark: _Toc239604324]Figure 87 - Kriging aero map showing Cd using SABE CFD data
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[bookmark: _Toc239542975][bookmark: _Toc239543086][bookmark: _Toc239545026][bookmark: _Toc239604325]Figure 88 - Kriging aero map showing efficiency using SABE CFD data
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[bookmark: _Toc239604326]Figure 90 – Cd aero map using 3rd order RBF with a c value of 1 using SABE CFD data
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[bookmark: _Toc239604327]Figure 91 – Cl aero map using 3rd order RBF with a c value of 1 using SABE CFD data
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[bookmark: _Toc239604328]Figure 92 – Efficiency aero map using 3rd order RBF with a c value of 1 using SABE CFD data
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[bookmark: _Toc239604329]Figure 93 – Balance aero map using 3rd order RBF with a c value of 1 using SABE CFD data
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[bookmark: _Toc239542976][bookmark: _Toc239543087][bookmark: _Toc239545027][bookmark: _Toc239604330]Figure 94 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero map for aero balance %
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[bookmark: _Toc239542977][bookmark: _Toc239543088][bookmark: _Toc239545028][bookmark: _Toc239604331]Figure 95 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero maps for efficiency

[bookmark: _Toc239542978][image: ]
[bookmark: _Toc239543089][bookmark: _Toc239545029][bookmark: _Toc239604332]Figure 96 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero maps for Cl
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[bookmark: _Toc239542979][bookmark: _Toc239543090][bookmark: _Toc239545030][bookmark: _Toc239604333]Figure 97 - RBF surfacing with missing data point from SABE CFD for 1st order(left) and 3rd order (right) aero maps for Cd
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[bookmark: _Toc239542980][bookmark: _Toc239543091][bookmark: _Toc239545031][bookmark: _Toc239604334]Figure 98 - Aerodynamic values for both MIRA wind tunnel and CFD results using the same ride height data points with RBF surfacing
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[bookmark: _Toc239604335]Figure 99 - Aerodynamic values for both SABE and CFD results using the same ride height data points with RBF surfacing
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[bookmark: _Toc239542981][bookmark: _Toc239543092][bookmark: _Toc239545032][bookmark: _Toc239604336]Figure 100 - Cd, Cl, Efficiency and Balance plots for grid CFD run points and for alternative yaw angles

[bookmark: _Toc239543123][bookmark: _Toc239545047][bookmark: _Toc239604357]Table 15 - Ranked 4 factor box Behnken model
	RANK
	RUN NUMBER
	PREDICTED LAP TIME (S)
	FRONT RIDE HEIGHT (MM)
	rEAR rIDE HEIGHT (MM)
	FRONT Spring (N/mm)
	Rear Spring (N/mm)

	1
	22
	67.186
	62
	72
	113.832
	157.614

	2
	7
	67.242
	72
	72
	113.832
	140.101

	3
	12
	67.242
	72
	72
	131.345
	157.614

	4
	5
	67.236
	52
	72
	113.832
	140.101

	5
	10
	67.247
	52
	72
	131.345
	157.614

	6
	24
	67.316
	62
	72
	148.858
	157.614

	7
	25
	67.310
	62
	72
	131.345
	140.101

	8
	26
	67.310
	62
	72
	131.345
	140.101

	9
	27
	67.310
	62
	72
	131.345
	140.101

	10
	21
	67.328
	62
	72
	113.832
	122.589

	11
	13
	67.350
	62
	62
	113.832
	140.101

	12
	18
	67.355
	62
	62
	131.345
	157.614

	13
	15
	67.370
	62
	82
	113.832
	140.101

	14
	20
	67.377
	62
	82
	131.345
	157.614

	15
	8
	67.385
	72
	72
	148.858
	140.101

	16
	1
	67.432
	52
	62
	131.345
	140.101

	17
	2
	67.428
	52
	82
	131.345
	140.101

	18
	11
	67.409
	72
	72
	131.345
	122.589

	19
	3
	67.399
	72
	62
	131.345
	140.101

	20
	6
	67.393
	52
	72
	148.858
	140.101

	21
	9
	67.406
	52
	72
	131.345
	122.589

	22
	23
	67.499
	62
	72
	148.858
	122.589

	23
	4
	67.459
	72
	82
	131.345
	140.101

	24
	14
	67.492
	62
	62
	148.858
	140.101

	25
	17
	67.512
	62
	62
	131.345
	122.589

	26
	16
	67.529
	62
	82
	148.858
	140.101

	27
	19
	67.545
	62
	82
	131.345
	122.589
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V2026 carries no scale, so the points belong ON its surface — the only gap is the fit residual. v2026b sits below it by construction.
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