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1. [bookmark: _Toc161390265]Introduction – RP
This project is an aerodynamics investigation into the bodywork package of the MCR Race Car used by the university in extracurricular activities for students. The current “S2n” bodywork was originally designed by students of this institution and so the group will look to take the next step forward with it by creating achievable modifications to the package from their own designs. These computer aided designs will have to be tested and proven by computational fluid dynamics studies carried out by each individual member of the group. While they may carry out their independent research using various sources that the group came across, their main methodology when applying their CAD models to CFD software will need to stay relatively consistent in order to obtain comparable results. The main objectives of this project will be to increase the overall downforce of the car while minimizing the drag penalty received from such modifications, thus increasing the overall aerodynamic efficiency of the vehicle. Crucially, they must attempt to bring the aerodynamic balance of the car more rearwards as with upcoming parts to serve as an upgrade for the front end and underbody of the #40 MCR, the balance would shift forward, as experienced by driver John Iley, who tested those new side skirts and splitter throughout the previous Sports 2000 season. 

2. [bookmark: _Toc161390266] Project Organisation – RP
Leading up to the beginning of this project, supervisor Tim Tudor, had already made the students aware of the potential areas of interest in the car’s existing bodywork which could be optimized for better aerodynamic performance. From this, the group decided to each pick a specific area of the car to individually look in to and investigate the potential for improvements in downforce, drag and moving the balance rearward. Jack Purnell chose the front splitter and side floor pieces to look in to. Alfie Morgan decided to experiment with scallops in the front pontoons. Tim James was appointed the front clam and roll hoop fairing. Ragulan Pulanthitan chose the rear wing and mounting system. Sami Naas had chosen to investigate radiators and brake ducting to improve cooling. Ewan and Alex were both given the rear deck and pontoons to investigate as it was quite a large and effective part of the car. In addition to these specific areas of the car, Ragulan was appointed the lead student in the group project to gather results from the project and direct the interim and final VIVA as well as collate information for this final report. Ewan Evans was an experienced CFD user as he had been running many simulations of the MCR in his freshman academic year being part of the race team. Alfie was also involved in a lot of the planning and preparation of presenting our slideshows for the assessed VIVAs.











3. [bookmark: _Toc161390267]Background Research – JP
Aerodynamics is a relatively new subject for everybody in the group, so thorough background research was necessary in order to understand the topics and theories surrounding race car aerodynamics. Taking advantage of the facilities available to them, the group made use of the university’s extensive library, reading through many books and technical reports. SAE Mobilus was also a significant tool as it allowed the group to access a wide range of technical reports and data. This research enabled each individual member of the group to come up with their own ideas and designs to bring to the MCR. In the current academic year, the group were taken for an aerodynamic module provided by the group supervisor Tim Tudor. These lectures enabled the group to learn about the general subject through a more traditional, academic method alongside independent research. 
A significant factor in engineering a race car is working around the rules and regulations that govern any race series. The group were confined by the MSUK Yearbook (Motorsport UK, 2023) and the Sports 2000 Duratec Regulations (SRCC, 2023) to which the MCR must adhere to, to race. To understand their main restrictions, the group were first tasked with reading over both sets of regulations, particularly the aerodynamic sections, to understand the limits of what could legally be designed and created. 
The group also used a previous study conducted by Sabe Fluid Dynamics, and external literature such as Lanfrit’s paper (Lanfrit, 2005) as a basis for their CFD methodology, and also to use as a comparison for their own baseline runs. 










4. [bookmark: _Toc161390268]Simulation Methodology – RP/EE
To ensure the CFD test runs were comparable, it was important that everyone had similar methodology in their experiments. They came up with a set of parameters that worked best on the baseline model of the car, which they could then keep using on all their other simulations. This included standardized dimensions for the virtual wind tunnel, which was copied from sabe’s investigation, with consistent floor clearances to simulate the ride height change of the car under load on circuit. They then had to figure out how to simulate a moving floor and spinning wheels on the geometry to represent the drag and downforce more accurately on our vehicle. Consistent mesh sizes were used to create a mesh fine enough to cover the whole car. Normally, prism layers would be used during meshing to more accurately model the boundary layer when solving. Unfortunately, this led the mesh to not work in fluent which was believed to be because of the complexity of the geometry. For the airspeed at the inlet, they had decided to use 43.7ms-1 which was a value calculated from the average speeds recorded at each circuit the MCR raced at last season. 
Table 4.1: CFD Methodology Parameters - EE
	parameter 
	Value used 
	Reason for use 

	Rake 
	0.55 degrees of rotation around the front wheel axis 
	Rake is added to get better performance on circuit, due to the effect of drag and downforce. To run the rake at the values that Sabe fluid dynamics found the car to be at its best position. 

	Wind tunnel dimensions 
	4x length of the vehicle in front (20m) 
8x length of the vehicle behind (40m) 
9x height of the car (9m) 
9x width of the car both ways (18m) 
	This is to recreate the wind tunnel in a way that the air that is a considerable distance away isn't getting significantly affected by the change in air flow from the car. It is the same dimension that Sabe used allowing us to get more comparable results to Sabe 

	Boolean 
	Subtract – target bodies are the wind tunnel and the tool bodies is the car. Add frozen 
	Boolean merges the car and the wind tunnel into one body. It is used to make sure that the airflow interacts correctly between the car and the wind tunnel 

	Repairing of the geometry 
	Repair using the standard values given 
	It is used to check to see if there are errors in the geometry that may cause an issue when meshing. The standard values were used as ANSYS tends to look at the mesh quality and give a value depending upon the size of the model and then in relation to that how accurate you would want it to be. In our case the standard value tends to be 0.0002 to 0.0001 and around the correct values the group was looking for 

	Global mesh size 
	Scale factor and max element size of 1 
	The values means that the group are using a 1 to 1 ratio for the scale factor and that any value that were enter will be used at the exact value. The max element size is then used to make sure the size of any cell is not bigger than 1, therefore meaning that the max element does not become too extreme, keeping values more accurate 

	Shell meshing 
	All Tri – patch independent 
Edge Criterium reduced from 0.2 to 0.1 or 0.05 depending upon type of rear wing and study being carried out 
	All Tri patch independent is meshing is where the mesh is made up of triangles that do not have their own position and can vary depending upon how accurate they are in relation to model. It can be less accurate but has less issue with cells being skewed due to the accuracy increasing. These will have some deviance but not significant. 

	Size of parts of the car 
	The car has a size of 0.01 
The solids have a size of 0.5 
The changed rear wing has a size of 0.005 
	The component's size means the maximum size of the cells can be the ones given. The smaller the size the more accurate, but it will take much longer, with not a significant improvement in accuracy when the values are quite low. Also, Sabe used around 63 million cells, but our computers struggle to do more than 16 million and is another reason for the cell size. 

	Layers used 
	3 layers specified 
	The layers improve the data's accuracy by acting as boundary conditions on surfaces, the more layers the greater the accuracy, but there is a limit to where the layers have a noticeable impact or not. Ideally more layers would be good, however 3 layers work well. As well as the computer capabilities being a reason less layers are used. 

	Density box 
	Size of 0.1 and is entity bound of the car. 
Scale the x factor by 2.5 
Scale y and z factor by 1.3 
	The box is entity bound of the car, meaning that it will always be in relation to the size of the car in the wind tunnel. Increasing the scale means that there are more cells around the car, meaning an improved accuracy where the airflow changes the most when in relation to the car. 

	Mesh conversion in fluent 
	Polyhedral mesh 
	Polyhedral mesh speeds up the process as it reduces the number of iterations needed, reduces run time and has lower residuals compared to tetrahedral and hexahedral meshes (shown by the study done by Symscape, 2013) 

	Model  
	K-epsilon model 
Realizable 
Near-wall treatment 
Non-equilibrium wall functions 
	K-epsilon model with realizable wall treatment was chosen due to k-epsilon being reliable for free-shear flows, as well as realizable near wall treatments being much better with dealing with Reynolds stresses and turbulence flow (SIMSCALE, 2018) 

	Boundary conditions 
	Velocity inlet at speed of 43.7 m/s 
Pressure Outlet 
Moving floor at 43.7 m/s 
Spinning wheels at 134.615 rad/sec for the front axle and 129.63 rad/sec at the rear axle 
	The velocity inlet speed was chosen as mentioned previously. The reason for the floors moving at the same speed as the airflow is to simulate the car moving at 43.7m/s. The reason for the values of the front and rear wheels are because the calculation of their rotational velocity. 

	Reference values 
	 Compute from inlet using the projected area with a minimum feature size of 0.001 
	Using the projected area is the same as the frontal area of the vehicle. This is used to calculate the coefficient of drag and lift. 0.001 was used due to cell size being the same value and therefore will have quite good accuracy in relation to it. 

	Solution controls 
	Flow courant 50 
Explicit relaxation factors: moment 0.25 
Pressure 0.25 
Under relaxation factors: turbulent kinetic energy 0.5 
Turbulent dissipation rate 0.5 
	These values were partially gathered by the paper written by members of ANSYS (Patil and Patil, 2021). The lower the relaxation the better convergence. These values are similar to the values in the paper and deal with warped cells better. 

	initialization 
	Hybrid initialization 
	It is commonly used within ANSYS CFD and was also used in the paper (Patil and Patil, 2021) 

	Iterations  
	600 
	This is the number of cycles that was to be carried out until the group could take the cd and cl values. 600 was chosen due to the coefficient values being quite stabilised after 100 iterations and it is unlikely with a model of this complexity for it to converge. The 600 iterations were also used from research of the paper ‘Aerodynamic Performance Prediction of a Car using GEKO Turbulence Model and Application of Gradient Based Optimisation for Improving Aerodynamic Drag’ (Patil and Patil, 2021) 



5. [bookmark: _Toc161390269]Initial Data Comparison - RP
5.1. [bookmark: _Toc161390270]Sabe Investigation - RP
Before beginning our group project, the team were presented with a large set of post processing data from a baseline model of the MCR race car that came from an investigation carried out by Sabe fluid dynamics, an aerodynamics consultancy that one of the team’s drivers: John Iley, is a non-executive director at. These initial post processing images were useful for the group to understand the aerodynamic behaviour of the car at its current baseline model. From analyzing this data, they were able to come up with ideas they could implement to improve different areas of the car. From the post processing images, it was clear to see that the shrouds on the front clam covering the upper wishbones were acting as lift producing devices with low pressure air on top and high-pressure underneath.  The topside of the roll hoop fairing also featured a large area of low-pressure air. At the rear of the vehicle, looking at the underside surface of the elevated aero foil, it was clear that the MCR wing mounts which mounted to the bottom surface of the rear wing had a negative effect on the low-pressure air creating downforce. The inside surface of the front pontoons also displayed a large area of drag inducing high pressure air that Sami was keen to make use of in brake ducts. To get used to running CFD and have a baseline model with values they could reference in future studies, they first decided to run a simulation of the MCR model that sabe used in their investigation to compare their results. To make their results directly comparable, the group had to use the same parameters set by sabe in their study, which included the domain sizes for virtual wind tunnel and airspeed (35ms-1). After a successful simulation run, they were able to gather their own post processing images and validate them using the ones provided by Sabe. The results produced by sabe were likely to be more accurate as they were able to use 65.9 million cells in their simulation whereas the students are limited to around 15 million cells. After matching the scale of the contours on their model, they were able to compare both sets of post processing images and conclude they were very similar (See Section 12. Appendix). This gave the group confidence in their simulation methodology, and they transferred most of the parameters set in those initial runs to the standardized document of CFD simulation setup.



5.2. [bookmark: _Toc161390271]MIRA Wind Tunnel – RP/EE
As a separate set of data from different conditions, results from the MIRA wind tunnel testing done by the MCR team also helped students with comparing data between two different experiments. They then attempted to replicate the wind tunnel test in CFD software which meant using the specific parameters of the MIRA wind tunnel which was found in a figure of the wind tunnel schematic (See Section 12. Appendix). After completing a simulation with the same parameters, the results showed a significant difference in both the coefficients of lift and drag. This could be mainly due to the different settings of one test run being done in real life and the other being simulated using CFD software. 
The group is unable to model radiators in CFD due to their complexity to get accurate and work properly. Therefore, using the MIRA wind tunnel data, the comparison in difference of radiators and no radiators can be carried out as such to get an understanding of our accuracy when not modelling them.
Table 5.2.1: MIRA wind tunnel data on the MCR with and without radiators
[image: ]
It is unclear why the drag improves when radiators are introduced. The only reason for possibility of this being accurate is due to the Meredith effect (Meredith, 1936), as stated in the appendix, however this is unlikely due to the no ducting happening to the radiators.





6. [bookmark: _Toc161390272]Optimum Lap Study – EE
Optimum lap is a simplified vehicle simulation tool developed by Optimum G. The software takes simple vehicle characteristics and then uses calculations to calculate lap times around circuits that have been replicated digitally. For the MCR’s standard values used in the simulations Tharish Ranjit had made a model previously of the car that group could use. The values that would then be changed were the coefficient of drag and lift, in which the group would use values gathered by CFD to relate it back to real life track performance. Unfortunately, the balance of the vehicle cannot be simulated in optimum lap and therefore some lap times may be quick, however the balance of the car needs to be taken into account.  

The group noticed there was some difference to the optimum lap values when being compared to the actual values. This difference should then be considered on the simulations that were carry out to improve the vehicle. Therefore, the percentage difference to real life lap time needs to be then looked at with our improvements. Below shows the difference between the actual lap times and the values calculated using our cd and cl. Also, the driver’s maximisation of the car’s potential will never be 100% and therefore need to understand that the real-life data would likely be faster than what the actual lap times were. 

Table 6.1: Optimum lap simulation difference to the actual lap time values from last season. 
[image: A screenshot of a computer

Description automatically generated]

Also, there was an optimum lap study where the ratio of cd or cl were changed to get an idea of how the lap time changes in relation to the cd and cl values, these are shown below. It shows that there is more room for improvement in cl than in cd due to the lap time save per ratio increase is greater in figure 6.3 than 6.2. 









Table 6.2: Optimum lap study where both cd and cl change in relation to the ratio 
[image: A table of numbers and a number of numbers

Description automatically generated with medium confidence]

Figure 6.3: optimum lap study where cd changes in relation to the ratio
[image: ]

Figure 6.4: optimum lap study where cd changes in relation to the ratio
[image: ] 










7. [bookmark: _Toc161390273]Areas of Investigation Breakdown and Findings
7.1. [bookmark: _Toc161390274]Floor and splitter – JP
7.1.1. Initial focus
After the key areas were assigned, research and designs were initially centred around the original S2n bodywork, featured on Tim Tudor’s car in the 2023 season. A short while into the design process, the new floor and splitter, created by John Iley, was converted into a CAD model by Ewan Evans. This shifted the focus of work onto the new bodywork package, as this would be what the results would influence in the real world. A new set of goals and objectives for this were then identified using the raw data found in tables 7.1.1 and 7.1.2, gathered by CFD runs on both ‘baseline’ body packages. 

Table 7.1.1 – S2n Baseline Data Values			Table 7.1.2 – JI New Bodywork Data Values 
[image: A table with numbers and letters

Description automatically generated]      			[image: A table with numbers and letters

Description automatically generated]  

From this, it was clear that the focus had shifted away from created downforce at the front end, with a low drag penalty, to cleaning up the flow and contributing to bringing the overall balance of the car rearward.   

7.1.2. Research and solutions
7.1.2.1. [image: The back of a car

Description automatically generated]Splitter 
Initially, the idea for the front splitter was to emulate a rear diffuser as seen on a variety of race cars, a prime example being shown in figure 7.1.1 below. A diffuser is a commonly used aerodynamic device that takes advantage of Bernoulli’s Principle ​(Ahmed and Murtaza, 2016)​. As the air is forced underneath the vehicle, it is squeezed and accelerated, reducing the pressure on the underside of the vehicle. The diffuser area then allows the air to expand and return to free flow as smoothly as possible, reducing drag
 ​ Figure 7.1.1 – Audi R8 LMS GT3 Diffuser ​(Caricos, 2024) 	   (Tudor, 2024)​. The front splitter designed 
by John Iley had a natural ‘diffuser area’ which was then 
[image: Image preview]           
cross-compared to other diffuser designs. It was found that the Porsche 997 ALMS GT2 featured a ‘front diffuser’ (left) ​(McBeath, 2017)​. Designs like these were an inspiration to incorporate the ‘strakes’ that are commonly seen on diffusers. Strakes are thin, vertical panels that extend down from the diffuser lower the pressure by keeping the flow laminar ​(De Wilde et al., 2021)

Figure 7.1.2 – Porsche 997 ALMS GT2 Front Diffuser ​(McBeath, 2017) 

In theory, strakes should help to move the aero balance rearwards as it would provide cleaner air-flow to the rear deck, which is known to be able to produce high levels of downforce. 

7.1.2.2. Floor 
[image: ]The serrated floor modification was also inspired by top-level motorsport. Many Formula One car design have featured serrated floor designs, most prominently the Alfa Romeo C43. Despite a struggle to find any published papers on the topic, the students applied logical thinking using their aerodynamics lectures provided by Tim Tudor to understand why serrated floor edges would provide downforce. The serration in the floor edges allow some of the higher pressure above the vehicle to bleed down and underneath the floor. This would have a venturi-style effect as the air would be squeezed between the bottom edge of the floor and the ground. Furthermore, utilizing the sharp edges of the serrations, it is possible to set off a vortex and virtually seal off the floor edge, acting like a side-skirt and preventing the low pressure air from escaping from the underside of the car. This theory should work to help energise the rear deck even further, an aid in bringing the aero balance of the car rearwards. 
 
Figure 7.1.3 – Alfa Romeo C43 with serrated floor edges ​(Formula One, 2023)

7.1.3. Design and simulation
After identifying the proposed solutions for the floor and splitter, Jack created Cad models of his proposed solutions and ran them in Ansys Workbench. 
7.1.3.1. Splitter stakes
[image: ]Initially, Jack created 2 different designs for the first splitter strake. He took inspiration from figure 7.1.2 in that the first splitter strake was just inboard of the front wheel. He also identified that there was an opening in the bodywork between the wheel and the splitter. Shown in Figure 7.1.4. To bridge this gap, Iteration 1 of the splitter (shown in Figure 7.1.5) had an extended splitter strake. The aim was to seal off the front of the wheel to reduce tyre squirt. It was also hoped that because of the sharp edge of the bottom of the strake, a vortex would be shed on the inner edge of the floor to seal the tyre squirt away from the low-pressure air underneath the car. Iteration 2 was created with the same concept, but without the strake Figure 7.1.4 – Opening in bodywork on JI baseline	      extended back to cover the gap (Figure 7.1.6). 
 
[image: A close up of a grey object

Description automatically generated][image: A computer screen with a grey background

Description automatically generated with medium confidence] 
 
Figure 7.1.5 – Iteration 1 (Extended) 			Figure 7.1.6 – Iteration 2 (Non-extended) 
 
Following this, both iterations 1 and 2 were then ran in CFD. The raw data is shown in Table 7.1.3 below. 







Table 7.1.3 – Iteration 1 and 2 raw results 
[image: ]From the raw data alone, it is evident that extending the strake backwards would not benefit the handling of the vehicle. Despite moving the balance further rearward than its non-extended counterpart, it creates more drag whilst there is a negligible difference in the downforce levels. This meant that moving forward, the non-extended edge strake would be used.  The post processing for both iteration 1 and 2 can be found below, alongside a scale that remained constant through all of Jack’s velocity contours. 
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   		   Figure 7.1.7 – Velocity Contour on Iteration 1 
[image: A blue and green background
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 Figure 7.1.6 – Velocity Scale


    Figure 7.1.8 – Velocity Contour on Iteration 2 









When comparing Iterations 1 and 2 in post processing, the differences seem minimal, but the air in the expansion area on Iteration 2 has a greater velocity on average. This may be caused by a vortex being shed off the strake, however it seems more likely that the air is being forced through the gap between the original bodywork and the edge of the strake, squeezing and accelerating it. It can also be observed that on Iteration 1, the air that seems to be trapped into the wheel well is slowed a lot more next to the wheel. Despite the difference being minimal, it was decided that the non-extended strake would be used going forward. From this, a further four iterations were created – a second strake offset by 50mm increments. The raw data is shown in Table 7.1.4. 
Table 7.1.4 – Iterations 3-6 Raw Data 
[image: A screenshot of a graph

Description automatically generated] 

This raw data was then compiled into 3 graphs, comparing drag (cd), lift (cl) and balance. Iteration 0 is the original John Iley bodywork design; Iteration 1 is the single non-extended edge strake and then each iteration following that is a second strake offset by 50mm increments. 
[image: A line graph with yellow line

Description automatically generated]
Figure 7.1.9 – Splitter drag comparison 

[image: A graph with a line pointing to the top

Description automatically generated] 
Figure 7.1.10 – Splitter Lift Comparison 
[image: A graph with a line and numbers
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Figure 7.1.11 – Splitter Balance Comparison 

After studying and analysing the data shown, it is clear that an offset second strake does not benefit the car at all, as both the raw numbers and graphical data show that the best average result is the single, non-extended edge strake; it has the best balance between drag, lift and balance. Other strake designs benefit different areas of the car, so it is worthwhile looking at the strake designs again when the new bodywork is refined, as for example, Iteration 5 would bring the balance further back, whilst sacrificing front end downforce. 

7.1.3.2. Serrated floor
[image: A close up of a blue object

Description automatically generated]When the first designs were created for a serrated floor edge, two main shapes for the serrations were modelled. First, a standard triangular cutout was made. This decision was made as the sharp edges of a triangular shape would theoretically be more successful in creating a vortex on the floor edge to seal off the rear end of the car. An alternative design, using a semi-circular cutout, was also created as an alternative, as it would allow more air to flow down and underneath the floor for the same base/diameter of cut. The extra reduction in material would also make a small reduction in mass, helping to achieve faster lap times. The first designs of these cutouts are shown in figures 7.1.12 and 7.1.13. 
 
Figure 7.1.12 – Initial triangular floor cutout 
 
[image: A grey and white background with Gateway Arch in the background

Description automatically generated with medium confidence] 
Figure 7.1.13 – Initial circular floor cut-out 

These first designs were then run in CFD and the raw results are shown below. 

Table 7.1.5 – Initial floor cutout data 
[image: ]The data clearly shows that the circular cutout is much more effective. Despite this, a larger cutout of both designs were created, doubling the base or diameter of the shape. This was done in order to investigate whether the size of the cutout would affect the performance. 
The second set of designs, and the data can be found below. 
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Figure 7.1.14 – Iteration 2 of triangular cutout 
 
 
 
 
 
 
 
[image: A close up of a grey object

Description automatically generated] 








Figure 7.1.15 – Iteration 2 of circular cutout 

Table 7.1.6 – Raw data for Iteration 2 of both circular and triangular cutouts 
[image: A table with numbers and a triangle

Description automatically generated with medium confidence]
This data was then compiled into graphs, similarly to the splitter designs. As per the previous graphs, Iteration 0 is the original John Iley bodywork, with Iterations 1 and 2 being the smaller and bigger cutouts respectively. 
 
 
 
 
 
 





[image: A graph of the average floor level

Description automatically generated with medium confidence] 
Figure 7.1.16 – Floor Drag Comparison 
[image: A graph of a number of floors

Description automatically generated with medium confidence]Figure 7.1.17 – Floor Lift Comparison 

[image: A graph of a line graph

Description automatically generated with medium confidence] 
Figure 7.1.18 – Floor Balance Comparison 
 
After analysing the graphs, it is very clear that the circular cutouts are more effective for the car. For both lift and drag, the cutouts show the same rough trend when increasing the size, with the circular cutouts achieving less drag and more downforce. The balance for the triangular cutout seemed preferrable until the size was increased, therefore the bigger circular cutout looked the best option for our bodywork package. A closer look at the post-processing helps to explain why. 
 
[image: A yellow rectangular object with blue and yellow squares

Description automatically generated]Figure 7.1.19 – Pressure contours on Iteration 2 of triangular cutout 
[image: A yellow and blue rectangle with blue and green objects

Description automatically generated]Figure 7.1.20 – Pressure contours on Iteration 2 of circular cutout 
Looking at the pressure values alone, the raw data does not seem to match the post-processing. The circular cutout is allowing the pressure underneath the car to become higher, which theoretically should mean that lift increases. However, looking at the velocity contours underneath the floor surface show a different story. It is also important to note that the scales are slightly different, therefore the shading is not easy to directly compare, this was an oversight when these images were created, however they still paint a good picture of what is happening. 
[image: A blue and green screen

Description automatically generated]Figure 7.1.21 – Velocity contour for Iteration 2 of triangular cut-out 
[image: A blue and green screen

Description automatically generated]Figure 7.1.22 – Velocity contour for Iteration 2 of circular cut-out 
The velocity contours are much easier to compare as they use the exact same scale. Its clear to see now that the velocity from the circular cutout is much better on average towards the rear of the car. This post processing suggests that the extra pressure from the air bleeding under the car via the cutout is helping to reduce the negative effects of the tyre wake. This then cleans up the flow to the underside of the rear deck, explaining the decrease in drag and the balance moving further rearwards. 


7.1.4. Final design
After analysing the data and considering all of the options for the new bodywork moving forward, it was decided that the front splitter would be ran with only a single, non extended strake (Figure 7.1.6) as this provided the best compromise between drag, lift and aerodynamic balance. As for the serrated floors, out of the options explored, it is clear that the larger, circular cutout (Figure 7.1.15) would be the best option moving forward. These options will be run on the final version of the car, including the contributions from each area.  

Despite success with the designs included, there is clearly a much larger investigation possible, especially with serrated floor edges, that Jack would like to explore more in depth, outside of this group project, therefore the likelihood of the circular cutout making it to the real car seems unlikely until the full investigation is concluded. 

7.1.5. Rake study on new floor and splitter - EE
With the new floors and splitters being introduced to the vehicle it was a good idea to do a rake study to get an understanding how the cars drag, downforce and balance behave when the vehicle is at different angles of attack. 

A car that has high rake is a vehicle where the front of the vehicle is a lot closer to the ground, whilst the rear of the vehicle is quite high up. This is then the opposite for a vehicle of low rake. Negative rake is when the rear of the vehicle is lower than the front of the vehicle, this tends to only be looked at in certain scenarios. 

Sabe fluid dynamics had completed a rake study on the old floor and splitter, which suggested for the car to run quite high, as shown in figure 7.1.5.1. This was due to the front splitter was blocking a lot of the airflow coming into the rear deck and therefore was not getting as much downforce as possible. 

With the new splitter and floors the airflow was much better when going underneath the rear deck as the splitter was not stalling anywhere near as much as the old one. With better airflow underneath the front splitter, it will allow for the car to be ran much lower. This will then increase the downforce being generated from the front of the car. The new floor and splitters were then ran in CFD to get an understanding of what position the car should be in, as shown below.
 [image: A screenshot of a graph
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Figure 7.1.5.1: Aero map on floor and splitter rake study 
It should be shown that there is a significant outlier in the data at 20 front 50 rear position, this was rerun multiple times and the same values were given. It was decided that 30 front 40 rear was the best position due to the balance being at 47.809% which is an ideal balance position for the driver. The downforce remains reasonably high at this position, with a value of 2.427. It also seems that when the vehicle is at a level rake position, the downforce drops significantly. Now the drag does seem reasonably high compared to the other values. However, the actual drag increase to the lowest value is only 0.03 higher. 

It should be taken into consideration most of the runs that were ran towards the end of the investigation was done at 20 front and 30 to 40 rear ride heights. This was due to the belief that an overall package should make the car much more balanced allowing the car to be ran lower to the floor once the rear deck was introduced, due to the significant improvement in downforce at the rear while keeping the balance in a good position. 




7.2. [bookmark: _Toc161390275]Front pontoons – AM
7.2.1 Introduction
After taking on the front pontoon area, the initial drawbacks were identified. After analysis of SABE Fluid Dynamics post processing images alongside a baseline run computed by Alfie, it was found that there was a large volume of turbulent flow being pushed under and around the floor edge by the wheels. This is caused due to the rotational speed of the wheel effectively pulling the air around the wheel arch resulting in pushing turbulent airflow directly under the floor, then the air that does escape the wheel arch has low energy and velocity resulting in the air being sucked under the floor edge further disrupting flow. The combination of these limits the effect the floor underside has on the overall downforce of the vehicle, alongside creating drag due to air effectively exiting the wheel arch perpendicular to flow around the car.  
[image: Text Box][image: Text Box][image: A rainbow colored object with a grey background

Description automatically generated][image: A rainbow colored pressure vessel

Description automatically generated with medium confidence] 
 
Furthermore, a large area of high pressure on the leading edge of the pontoon shown in figure B.1.1 was identified, this in turn creates drag which must be minimized throughout this project. In addition, it was discovered that air flow was separating from the pontoon edges shown in figure B.1.2. This is caused by the front splitter but results in areas of low energy around the wheel arch, allowing the turbulent flow from the wheel arch to be sucked under the floor edge much easier than if it were to have good high energy laminar flow running alongside it.  

The first solution to these issues is the introduction of wheel wake evacuation, the current S2N bodywork features a cutout on the top of the pontoon which has a similar effect to airflow in the wheel arch as louvers. “Louvers are used to EXTRACT air. When they're put on a fender, they extract air from the fender well.” (Hybridz, 2007), This helps the car to generate downforce by reducing the volume of turbulent flow entering the underfloor area allowing more laminar flow under the floor.
 
 
[image: ][image: ][image: ][image: ]Another form of wheel wake evacuation is with a device called scallops. Thes devices are shaped cutouts in the pontoon side that can have many elements to evacuate the high-pressure air in the wheel arch that would otherwise be thrown straight under the floor of the vehicle. Educational resources in this area are limited, but some external sources have validated Alfie’s hypothesis, “The front wheels rotate at a high velocity which creates a high-pressure zone inside the wheel well. Ventilating that high pressure air through openings at the top of the front wheel arches helps aid additional downforce generation” (Competition Car Aerodynamics, 2017). Educational sources of information have been very hard to come by in this area. Therefore, the inspiration for this area will come from images found of other sports prototypes running some form of wheel wake evacuation alongside expert input from group supervisor Tim Tudor.  
 
Although useful, applying these devices will not completely solve the problem of too much drag being generated at the front pontoon. A complete re design of the pontoon is required to maximize the performance of the vehicle, as a group, generally the group took inspiration from LMP1 cars due to the similar nature to the MCR race car. Therefore, multiple LMP1 Cars from the 2010s were analysed and key design features such as an undercut leading edge as show in figure B.2.2 were investigated. 












7.2.2 Pontoon shape
The first stage of developing this project area was to come up with some initial sketches shown in figure B.3.1 
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Description automatically generated with medium confidence] Figure B.3.2- Pressure Coefficient Around Front Pontoon


 
Here, the side and top profile views of different design ideas for pontoon reshape are shown in figure B.3.1. The dashed line on the top image represents the current leading-edge shape with the sketch representing an ideal shape to minimise low pressure Air on the top surface of the pontoon seen in figure B.3.2. The undercut feature and higher leading-edge tip will direct more air downwards and outwards around the pontoon sides due to pushing a greater percentage of the flow effecting the pontoon area downwards. 

The middle sketch shows a top view of the leading edge. The middle and right sketch share a similar philosophy with the middle sketch being offset from the centre, this will allow air to be directed more to a specific side of the pontoon if it is discovered that the overall aero of the car benefits from a particular flow pattern. The lefthand sketch has a different philosophy, this design would see more drag than the opposing designs but would be more efficient in reducing lift by directing more air downwards of due to a larger frontal area to control flow.  

The Bottom sketch shows how the trailing edge could be lengthened to reduce drag. As seen in figure B.3.2 there is a medium-high pressure zone on the vertical section of the sidepod, increasing pontoon length will allow the radius of the pontoon side to decrease and therefore increase the chance of the airflow staying attached and running through the gap between the pontoon and sidepod instead of running straight into the sidepod. This could further be aided by introducing turning veins to help direct flow outwards away from the car. 

As the MCR Race car is a car the students in this group race, it was decided to focus more on developments that could be implemented for the upcoming season. Because of this, the decision was made not to move forward with the development of pontoon shape due to the high associated costs in changing such a key aspect of the vehicle.  

7.2.3 Scallops 
After making the decision to focus on a development that could be implemented on the MCR car for the upcoming season, scallops became Alfie’s main area of development due to the ease of producing in real life. 

Another factor that has changed the direction of this project was the introduction of a floor and splitter package designed by John Iley, this created new obstacles within the development of scallops as the philosophy of the front end of the car changed significantly, aero balance moved forward to 55% and air flow patterns were very different compared to the original S2N package.  

S2n Baseline (A) 
ScV1.A
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Figure B.4.1- Scallop Design Version 1 

The purpose of the first scallop design was to help to understand the effect a scallop will have on the airflow exiting the wheel arch and rearwards of the pontoon under the floor. Figures B.4.2 and B.4.3 both show the streamlines of flow in and around the wheel arch, it is important to note this was run without spinning wheels. An initial analysis of these post processing images would suggest positive results from the introduction but it important to note the effects seen in figure B.4.4 which shows the flow velocity under the floor with the scallop being added to the top side of the image. 
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Description automatically generated] Figure B.4.2- Streamlines under floor, Baseline. 
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Figure B.4.3- Streamlines under floor, ScV1.A 
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Figure B.4.4- Under floor Flow Velocity, Baseline with ScV1.A 
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In figure B.4.5 shows that initially the flow is being removed and a higher velocity flow is entering under floor, but when zooming out, figure B.4.4 shows the flow velocity rearward of the rear wheel is a lot lower. This is removing power from the rear deck which needs to be avoided due to the power found in the dear deck area.  

One of the objectives of the project being to move balance rearward and the rear deck is the most important factor in making this happen. This is being caused by a stagnation zone in figure B.4.5 circled in red, a much larger area of low velocity flow is then entering the underfloor zone taking potential energy away from the underfloor expansion zone.  
From this initial run it was understood that as well as removing turbulent air from the wheel arch, how that airflow is dispersed must be carefully considered to create as little effect as possible on the under-floor region.  

ScV2.A
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ScV2.1. A 
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Developing from the V1 design, ScV2.A shown in figure B.4.6 and ScV2.1. A feature a much shallower radius to keep flow attached. It is important to note that standardised spinning wheels were used in this simulation allowing results to be comparable to Baseline spinning wheels and other group members runs. Figure B.4.8 again shows flow velocity underfloor and it is apparent that the velocity rearward of the front pontoon has increased and the effect rearward of the rear pontoon has reduced significantly. Results from this, shown in Table B.1 prove the positive effects of applying scallops to this race car for downforce. They allow the floor of the vehicle to work much more efficiently by reliving most of the turbulent flow entering the under-floor zone on baseline.   
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Figure B.4.10-Flow Velocity exiting Scallop ScV2.1. A 

Figure B.4.10 shows the exit flow velocity of the scallop, although results seen from this design iteration were positive there are still imperfections in the design such as the band of low velocity flow coming off the wheel corner. Alfie could have continued to develop his designs in this area, but as mentioned above, the introduction of John Ileys floor and splitter gave large gains in downforce and efficiency so to stick to the current specification of the car, all further developments were to be transferred to the new spec. 

S2N JI Floor and splitter (B) 
The introduction of a new floor and splitter presented a new set of challenges, the new splitter features a vortex generator which is powerful enough to seal the floor sides to minimise circulation of turbulent air from the wheel arch. Due to the different design of the floor and pontoon mounting system it had to be considered whether building a scallop around the mounting system or modifying it to remove the mountings would be the best way forward. figure B.5.1 is a model of the ScV2.1 with the mounting system and figure B.5.2 shows that same design with the mountings removed.
ScV2.B 
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Description automatically generated] Figure B.5.1- ScV2.B 

ScV2.1. B 
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Description automatically generated] Figure B.5.2- ScV2.1. B 

ScV2.2. B 
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Description automatically generated] Figure B.5.3- ScV2.2. B 

Table B.3 shows all the results collected from simulation runs on the updated bodywork with scallops. The efficiency of the vehicle refers to a vehicle lift/ drag ratio, the larger the ratio the more efficient the vehicle is in the way it applies its aerodynamics. Table B.3 shows that all 3 of these designs have reduced the efficiency, in the case of ScV2. B results show little to no effect in lift or drag. ScV2.1. B and ScV2.2. B on the other hand both see a reduction in drag but in the process, downforce is reduced by around 10% in both cases.  

Post Processing imagery helps to explain this. Figure B.5.4 shows the flow velocity underfloor after the introduction of the new floor and splitter, when comparing this to figure B.4.4 the group can see that the flow characteristics of the vehicle have changed significantly. Due to the vortex generator on the front splitter a seal along the floor has been created stopping any low velocity turbulent flow from the wheel arches entering the floor zone, therefore the characteristics of the scallop must change. Figure B.5.5 shows what the addition of the ScV2.2 does to the underfloor flow of the updated spec, it’s clear to see with the scallop there is more low velocity flow in turn reducing the downforce produced at the floor. 
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Description automatically generated] Figure B.5.4-Flow Velocity Underfloor Baseline with Floor and Splitter 
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Description automatically generated] Figure B.5.5- Flow velocity under floor ScV2.2. B 
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Description automatically generated]Figure B.5.6- Flow Velocity at y=-0.25m with clip plane ScV2.2

The front pontoons inner side radius is too large and therefore flow separates off it at high speed, figure B.5.7 shows there is a low velocity zone produced from the separation of flow on the pontoon side as well as the flow patterns seen from exiting the scallop. Observations suggest that flow is not exiting at a high enough velocity caused by the sharp turn circled in figure B.5.7, this corner is inducing a band of low velocity flow which then combines with the low velocity flow produced by the inner pontoon side to create a large area of low velocity flow. This is what causes the low velocity zones circled on figure B5.5 resulting in lower velocity air entering the floor section behind this zone as the vortex has deteriorated. To combat this, a much larger radius will be applied with the scallop alongside trying to create a long smooth radius from leading to trailing edge of the scallop to keep flow attached and velocity high, some inspiration for the flowing designs was taken from technical meetings for the MCR Race Team with John Iley and Tim Tudor. 
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Figure B.5.7.- Zoomed Clip Plane View ScV2.2. B 

Final designs
Project Y
ScV3.1. B
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Figure B.5.8- Scv3.1. B
Project Y is a variation of the new development package, including new floor and splitter, rear deck extension and scallops. The hope was for this to be the package that would make it to the MCR race car for the 24 season. Initial results were poor using ScV3.1. B shown in figure B.5.8, The cut depth was then adjusted going from 150mm-200mm-250mm shown in table B.2 for project Y. The decision was then made to add a turning vein to keep flow exiting the wheel arch attached to the inner edge of the scallops. Post processing results in figure B.5.13 confirm the positive effects of adding a turning vein, unfortunately the run results of ScV3.1. B were lost but table B.2 clearly shows the increase in efficiency with the introduction of a turning vein. Although the efficiency results from the project Y simulations were very positive, the balance was still too far forward. Therefore, it was decided that scallops would not be a development on the MCR car for the start of the upcoming sport2000 season.  
Table B.2- Project Y Run Results
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 Final design V1 
After making multiple design changes and parameterising the scallop cut depth, 2 final designs were chosen. Design 1 having a 250mm cut and design 2 having a 200mm cut with a shallower radius. It was chosen to run 2 depths due to the minimal differences when run without an aerofoil/ turning vein on combination runs. The introduction of a turning vein alongside a slight modification to the scallop shape helped the final combination run simulation maintain downforce whilst reducing drag. 
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Final design V2
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Figure B.5.10- Final Design V2 
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Description automatically generated with medium confidence]  Figures B.5.11 and B.5.12 show the slight difference between V2 and V2 of the final designs, although barely noticeable V1 has a 50mm deeper initial cut. Due to a 90 mm radius on the inner edge of the scallop it is hard to tell the difference with the main difference being the profile of the inner wall being much shallower on Final Design V2.
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Description automatically generated]Figure B.5.13 shows the extrude cut profile for the final designs, it shows how the design can be modified by simply changing 1 dimension. This helped when creating parameters for project Y where different depths needed to be tested to find the best range for the scallop to function.Figure B.5.11- Final Design V1
Figure B.5.13- Extrude Cut Profile Final Design V2
Figure B.5.12- Final Design V2
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Figure B.5.14 shows the flow velocity underfloor for the Final design of this area of the project. It is seen when comparing to figure B.5.5, much of the stagnation zone has been eliminated with the lower side of figure B.5.14 being clear or any stagnation zones and the top side only having small signs of it. This has been significantly reduced as flow out of the scallop has stayed attached to the pontoon side and acted as a block to the large stagnation zone seen in figure B.5.15, unlike figure B.5.7 the low velocity flow stays localised and does not spread outwards after the trailing edge of the pontoon. This is a key factor in allowing the new floors on their MCR car working effectively. 
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Table B.3- Simulation Results on S2N race Car with New Floor and Splitter 
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  Figure B.5.14- Graph of Aerodynamic Efficiency 







7.3.   Radiators and Brake Ducting 
7.3.1 Analysis of the current model
After taking on the radiator ducts and brake ducts it was important to identify the current problems with the body work package. Using the Sabe post processing as well as historical car telemetry data areas for development would be identified. Starting with the break cooling, the discs on the car was identified as evidence that the car needed cooling due to radial cracking that was forming on the rotor as seen in figure (7.3.1.1). Radial cracking is induced due to the rapid heating and cooling of the brake rotor (Mintex,2016). Due to the rotors being skimmed for the 2023 Sports 2000 season to reduce rotating mass this can be linked to the radial cracking as the strength of the rotor is decreased and the rate at which the rotor heats up decreases. Initial testing of the radiator ducts proved that they had a much bigger impact on the on the performance of the vehicle as weight could be reduced as well as a gain in cooling and aerodynamic efficiency. For this reason, it was decided to focused development on the radiator ducts. 
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Figure 7.3.1.1: radial cracking found on the front left brake disc of car 44. 


Another area identified for improvement was the air flow to the radiators. By controlling the air flow both the aerodynamic efficiency of the car as well as improving the colling ability of the radiators. Currently the car uses two 357mm X 175mm X 45mm radiators without any intake or exit flow control.  Using the SABE post processing in 7.3.1.3the air flow through the current side pods can be visualized. 
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Figure 7.3.1.3: Sabe velocity post processing in the XY plane  




 


Figure 7.3.1.4: Sabe velocity post processing in the ZX plane  


· Sabe CFD test was ran with radiators so results will differ from CFD ran by the team.
· Results show uneven flow across the radiator.  The air is separating of the surface of the inlet and only hitting part of the radiator.
· No exit flow control resulting in turbulent air exiting the radiator. This is increasing the amount of low velocity air under and behind the car thus increasing drag. 
· Velocity post processing in figure 7.3.1.3 shows high levels of low velocity air under and behind the car which causes drag. 
· Total presser post processing in figure 7.3.1.2 shows that the air under the car is turbulent due to having a low total energy.
· Velocity post processing in figure 7.3.1.4 show that the velocity could be lowered to improve cooling capability.
7.3.2 Research and Solutions
[image: The diverging converging cooling air duct with the radiator. | Download  Scientific Diagram][image: ]In order improve the airflow through the radiators the air needs to be slowed down as it reaches the radiator to allow time for the heat to transfer from the radiator to the air. To do achieve this the inlet size and duct shape will affect the cooling ability. After the air flows through the radiator the air needs to be sped back up to reduce turbulent air under the car. By using a Diverging-Converging duct design this can be achieved (Thomas and Agarwal, 2019). Figure 7.3.2.1 shows an example of a Diverging-Converging duct. Equation 7.3.2.1 proves that by increasing the area of the duct will reduce the velocity of the air that flows through it.
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Figure 7.3.2.1: diverging and converging duct (Kamath, 2016)

Equation 7.3.2.2

[image: Project [Rotary] FD RX-7: Part V-Mount Cooling System, 45% OFF]To ensure that the air is making use of the whole radiator surface the air needs to be attached to all the surfaces of the duct. Currently the air is only staying attached to the chassis side of the duct and therefore only making use of around 60% of the radiator. By implementing a similar design as in Figure 7.3.2.2 having a gradual expansion the air can stay better attached to the duct surface resulting in better air flow to the radiator. 
Research completed by Washington university (Thomas and Agarwal, 2019) showed how varying the area ratio would affect the total mass flow rate to the radiator. The area ratio is defined in equation 7.3.2.2 and in the current car is 0.52. When compared with the graph in figure 7.3.2.3 it shows a mass flow rate of 0.52. This will be one of the areas of development that will be focused on for the development of the radiator duct project. 
Figure 7.3.2.2: How attached and detached flow effect the radiator.((RX7Club.com - Mazda RX7 Forum, 2006)
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Equation 7.3.2.3: graph of how mass flow rate vary with area ratio.


To the start the development process five initial concepts were created to address the problems with the current design. below show some of the initial design ideas.
· Side exit radiators aim to draw air from the front wheel wakes by creating a low presser zone from the fast-moving air coming out of the exit duct. This would help to reduce the drag created by the wheels and make the scallops more powerful. This idea would also starve the floor of airflow reducing the impact of the rear expansion zones.
· top exit radiators aim to exit the hot air after the radiator away from the underbody where it could increase the temperatures on the hot and cold side of the engine. This idea would also have a significant impact on the rear deck as it could divert the air flow away from the surface therefore reducing the downforce produced by the deck.
· straight through exit aims to control the air flow out of the radiator and exiting it into the expansion zones under the rear deck. By making use of a diverging-converging duct high speed could help improve the efficiency of this expansion zone 
· front intake position change aims to find an area on the side pod where there is stagnant air that is causing drag. 
· radiator size and position change would aim to reduce the weight of the radiators as well as getting it better aligned with the air flow to improve the cooling capability.  

7.3.3 Design and simulation
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Figure 7.3.3.1.1: velocity contour from baseline test 

[image: A graph with a red line

Description automatically generated][image: A green screen with a green background

Description automatically generated]Figure 7.3.3.1.2: velocity through duct graph


 
 
 
 Figure 7.3.3.1.4: pressure distribution across radiator
Figure 7.3.3.1.3: pressure contour from baseline test 
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Figure 7.3.3.1.5: velocity contour and vector plot from baseline test  

The first test that was completed was the base line to gain a better understanding of how the current package is performing. The test was performed using a half car model to speed up the development process as well as to address meshing problems that were experienced during the test. 


· Figure 7.3.3.1.2 shows that the air is increasing in velocity from 19.2 M/s to 20.8 M/s through the duct proving that it is not working as intended. 
· Figure  7.3.3.1.5 shows that the air is not attaching to the sidepod surface due to the steep gradient of it. The air is then being accelerated through the duct as it contracts before slowing back down to 21.6 m/s as it exits through into the expansion zone.
· The interaction between the exit of the radiator duct and the expansion zone is a key area to improve both areas. 
· Figure 7.3.3.1.1 and 7.3.3.1.3 show how the velocity is affected by the interaction between the floor and radiator exit. The air that is entering the expansion zone from the floor is being intersected by the air coming out of the rad ducts. This causes a reduction on velocity and an increase in pressure. In addition to this air is recirculating due to the loss of energy under the rear deck which would increase drag.















7.3.3.2 Alternate Intake Position 
This run was conducted to see where high pressure is located that is causing drag. The high pressure zone in figure 7.3.3.2.1 is caused by the interaction between the air coming from the inside and outside of the pontoon. The air coming off the outside is causing a stagnation point on the inside of the pontoon as well as hitting the side pod therefore causing the high pressure zone. 

[image: A multicolored object with a scale

Description automatically generated] Figure 7.3.3.2.1: pressure contour plot on the no intake car model 
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Description automatically generated] Figure 7.3.3.2.2: velocity contour and vector plot on no intake car model 

 
 
 
 
 
 
 
 
 
 
Using the post processing in the no intake one the inlet was moved as well as the radiator being moved to be in better aligned with the air flow. The results showed that that whilst the high-pressure zones on the side pods were made smaller, it caused the air coming from the inside of the pontoon to be cut off and induced a recirculation in that area as seen in figure 7.3.3.2.4. In addition to this the air flowing through the ducts was at a much higher velocity than on the base line which is working against the aims of slowing the air flow down. For this reason, it was decided to no longer pursue this option.
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Description automatically generated with medium confidence] Figure 7.3.3.2.4: ZX view of the velocity contour. 
Figure 7.3.3.2.3: moved intake position with a pressure contour on the car 
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Table 7.3.3.2.1: Cd,Cl and efficiency comparison to base line 

 Figure 7.3.3.2.5: graph showing the velocity through the duct 


  
7.3.3.3 Side Exit Radiator Duct 
The side exit design used the original inlet location but with a changed radiator position to allow the flow to exit through the side of the car. This did have negative effect as the flow was not able to attach to the inlet therefore the pressure distribution across the radiator was uneven. On the exit of the duct the air was exited at too steep of an angle to the external airflow. This caused air to recirculate back into the duct as seen in 7.3.3.3.1. This design also starved the expansion zones and as seen in figure 7.3.3.3.2 and therefore eliminated the pressure difference that would of created downforce.
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 Figure 7.3.3.3.1: velocity contour in the ZX view of the side exit design.
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Description automatically generated with medium confidence]Figure 7.3.3.3.2: Velocity contour in the XY view of the side exit design. 

 
 
 
 
 
 
[image: ]Table 7.3.3.3.1: Cd,Cl and efficiency data for the side exit design 

 
 
 

7.3.3.4 Exit Duct Position Study 
To exit flow effectively into the expansion zones Sami looked at the effect of changing the length and opening of the exit duct over 600mm. The CAD models in figure 7.3.3.4.1 and 7.3.3.4.2 shows where the duct exits to. The aims of this are to increase the velocity of the air through the duct as well as attaching it to the underside of the rear deck. By making this change it could result in a larger lower pressure zone under the car to help it to propagate under the floor. This concept was aided by research done in books such as Aerodynamics of road cars (Schuetz, 2016) and competition car aerodynamics (Mcbeath, 2017)
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	Figure 7.3.3.4.1: 600mm exit duct CAD model. 

	


 
[image: A close-up of a machine

Description automatically generated] Figure 7.3.3.4.2: 100mm exit duct CAD model. 

 
 
 
 




All the iterations of this design were tested with the existing radiator intake in order to see the effect of the exit duct itself. The best one would then be paired with the best performing intake.
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Description automatically generated with medium confidence]Figure 7.3.3.4.4 velocity vector plot in the XY view of the 100mm design
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	Figure 7.3.3.4.6: velocity contour on the 100mm design 

	
	


 


The results collected shows that by introducing an exit duct onto car performance points can be gained. Looking at the results in graphs bellow several conclusions can be made. The 100mm exit has the lowest coefficient of lift but has the highest coefficient of drag but overall is 0.66 more efficient than the baseline. As the duct is extended rear ward the trend is that the Cd decreases whilst the Cl increases. Comparing the post processing conclusions can be drawn on what is causing the Cd and Cl to change. Comparing figure 7.3.3.4.3 and 7.3.3.4.4 it is observed that the flow is more attached to the underside of the rear deck on the 600mm than the 100mm, but this is causing a starvation effect where the air coming off the floor is stalling. This is due to the lack of a low-pressure area that can propagate under the floor to speed up the air. The 100mm design achieves this as the velocity under the deck is higher. Using the velocity in graph 7.3.3.4.10 it proves that the 100mm design is speeding up the air under the floor causing a lower pressure therefore increasing the downforce. The data also shows that the 600mm dust can exit the air coming out of the radiator at 29.6m/s which is 4.4m/s faster than the 100mm. this is due to the smaller exit which is able to squeeze the air more increasing the venturi effect. Table 7.3.3.4.8 further proves that the 100mm exit duct performs the best as it meets the groups aims of moving the cars balance rearward. This is caused by the increased velocity and a bigger pressure differential at the back of the car.
 Figure 7.3.3.4.7: Cd and Cl progress tracker 


 
 
 
 
 

 
 
 
 
 
 
 

 
 
 Figure 7.3.3.4.8: Car balance progress tracker 

 
 
 
 
 
 
 
Figure 7.3.3.4.9: efficiency of duct progress tracker 


 





Figure 7.3.3.4.10: Floor and duct exit velocity progress tracker 


From the graph in figure 7.3.3.4.10 as the duct is extended back the duct exit velocity increases until 400mm then it drops off. The opposites can be said for the floor exit velocity as it increases until 200mm where it then drops off as the duct is extended reward. This further proves that the floor is being starved of air with a duct that exits further back than 200mm. the reason for the faster duct exit speeds until 400mm is that the rear deck helps to squeeze the air therefore increasing the velocity. 
When comparing the results Sami decided to use the 100mm duct design due to it having the best performance with a relatively high efficiency as well as bring the balance of the car 4.3% rearward which helps to meet the aims of the team. The design dose has the slowest duct exit velocity however it is offset by the performance gain of the floor by increasing the speed to 43M/s. in addition to this it would be the cheapest and lights duct to manufacture as it uses the least amount of material. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
7.3.3.5 Inlet Design
Once the exit duct was chosen development of the inlet could start. To design the inlet a iterative prosses was chosen where once the design was made it was tested straight away so that the next design could be an improvement on the last.  The aim of the inlet design was to improve the pressure distribution across the radiator as well as reduce the amount of air recirculation.
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Figure 7.3.3.5.1: Baseline velocity contour and vector plot in the ZX plane 
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Description automatically generated with medium confidence] Figure 7.3.3.5.4: graph showing pressure distribution across the radiator.
Figure 7.3.3.5.3: 202mmX190mm inlet with a moved radiator position 
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 Figure 7.3.3.5.6: : graph showing pressure distribution across the radiator.
Figure 7.3.3.5.5: 150mmX101mm inlet design 
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Description automatically generated with medium confidence]Figure 7.3.3.5.8: : graph showing pressure distribution across the radiator.
Figure 7.3.3.5.9: 202mmX190mm inlet with turning vein.
Figure 7.3.3.5.10: graph showing pressure distribution across the radiator.
Figure 7.3.3.5.7: 202mmX190mm inlet with changed outer profile. 
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Description automatically generated]Figure 7.3.3.5.11: 190mm X 180mm inlet design with smaller radiator 






 Figure 7.3.3.5.12: graph showing pressure distribution across the radiator.

 
Figure 7.3.3.5.11: 190mmX180mm inlet with smaller radiator.

The results from the tests showed that increasing the area of the inlet resulted in a better pressure distribution across the radiator when compared to the smaller one in figure 7.3.3.5.5. To in order to eliminate the recirculation as well as improve the pressure distribution a radiator with a area of 0.042 m^2 was chosen. This allowed the design to meet the 0.8 area ratio that showed the highest mass air flow rate in figure. Using the probe tool in the post processing software the air mass flow could be calculated using the equation bellow.
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Equation 7.3.3.5.1: Air mass flow rate 

Using this data as well as data gathered from the car using the MoTeC software Sami could verify is the size of radiators used in figure 7.3.3.5.11 would be safe to run on the car. 
Table 7.3.3.5.1: calculations to estimate the cooling surface area needed 
[image: ]
The result in table 7.3.3.5.1 came out to 0.3m^2 which is 69% small than what the car is currently running. However, some of the data that was used were estimated as no data was available to be used. Taking this into account it is still viable to use one radiator on each side of the car that was tested in figure 7.3.3.5.11. The radiators in the test have a combined cooling surface area of 0.65m^2. 
 









7.3.4 Final radiator duct design
Combing the 100mm radiator exit duct as well as the 190mmX180mm inlet the final design could be tested. Comparing the final run with the baseline model there was an overall improvement in terms of Cd, Cl and efficiency. In addition to this the post processing data gave a better understanding on how the duct performed in terms of improving the cooling ability of the car. The pressure distribution in 7.3.4.5 in showed a better distribution and a higher presser which validates the reduction in velocity in figure 7.3.4.4. Finaly the design also meets the aims of the team as it can move the centre of pressure back by 3.2%. the exit speed of the exit duct was affected by the diverging duct design but overall proved to be beneficial.
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Figure 7.3.4.1: section view of the final CAD model 
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Figure 7.3.4.2 side on section view if the final CAD model 

Figure 7.3.4.4: velocity contour plot in a XY view of the radiator ducting
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Description automatically generated with medium confidence]Figure 7.3.4.3: vector plot of the air velocity and direction through the duct

Location 
Whats happaneng ?
1
Air coming into the duct is being sped up on the uper suerface of the duct 
2
Air reduces in velocity due to air expansion and flow being attachged to all surfaces of the duct 
3
Air is being sped back up creating a low pressuer zone wich helps to increas the velocity of the air under the car 
4
Air flow under the car is turbulant but dose reduce the amount of low velocity and therefore high pressuer air from under the car. 


Table 7.3.4.1: analysis of different stages in figure 7.3.4.4
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[image: ]Table 7.3.4.7: data comparing the final design to the baseline. 











7.3. [bookmark: _Toc161390277]Rear Wing – RP
7.3.1. Analysis of current model
As a first step in this investigation into the rear wing, Ragulan noticed that the profile of the wing on the CAD model the group were using seemed different to the model which our car used in real life. Due to this visible difference, Ragulan decided to trace the profile of the wing present on Car #40 and create a CAD model of it so he could accurately run simulations of this rear wing. With the wing in isolation, he decided to alter some of the simulation methodology for quicker results. The virtual wind tunnel was shrunk, and he only simulated half of the wing due to the geometry being symmetrical. To get the model to mesh well, he had to decrease the edge criterion to 0.05 and the mesh size of the wing to 0.005. After doing so, he gathered some initial results and post processing to understand how the wing behaves both with and without a mounting system underneath it. The post processing images he obtained show similarities with the sabe investigation, concluding that the standard MCR wing mounts cause a reduction in low pressure on the underside of the wing profile. The wing consequently suffers a reduction in downforce as well as added drag, which negatively impacts its efficiency.  

[image: A blue and green rectangular object

Description automatically generated]	[image: A blue and green object with lines and marks

Description automatically generated with medium confidence]	     [image: A blue and grey rectangles

Description automatically generated] 
Figure 7.4.1.1: Rear Wing Underside	Figure 7.4.1.2: Rear Wing with mounts       Figure 7.4.2: Sabe Post-Pro  

Table 7.4.1: Effect of Wing Mounts onto Rear Wing in Isolation 
	 
	Coefficient of Lift 
	Coefficient of Drag 
	Efficiency 

	Difference (%) 
	-30.61 
	+21.86 
	-43.05 


With the rear wing being one of the trim devices used for adjusting the aerodynamic balance of the car, Ragulan decided that it was important to conduct an angle of attack study on our wing to find the stalling point of it and see how it performed at different angles. He later learned that the rear wing profile on our second car, the #44 MCR was different from the one used on car #40. This prompted him to sketch around the #44 car’s wing and compare it to the pre-existing CAD model of the MCR. It proved to in fact be the profile of car #44s aerofoil and so he did another angle of attack study with it to see the differences between the characteristics of the two. 
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Description automatically generated] Figure 7.4.3: Angle of Attack Analysis

Interestingly, both wings appear to stall at the same point, around 11.6 degrees. This is due to the flow detaching from the bottom surface of the wing, losing overall downforce. Car #44’s wing does produce greater downforce throughout the angle of attack range but comes with a drag penalty which evens out the efficiency of the two. 

After establishing the usable range of our rear wing, he needed to come up with designs that the team could implement in order to maximize the downforce generated from that wing, and possibly, extend the angle of attack range before it stalls. Due to the Sports 2000 technical regulations (Snowdon, 2024) restricting us to using a standardized rear wing model, he was only able to work on the mounting system for it. He made a couple of quick sketches to show brief concepts of what might work better with our car, taking inspiration from other sports prototypes like the Gunn TS11, which also features in Sports2000 and mounts the wing via a swan neck shaped mount.
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Figure 7.4.4.1: Sketch of ‘Swan Neck’ Mount	Figure 7.4.4.2: Sketch of Endplate Mounted Wing

7.3.2. Swan neck mounts
The first design he wanted to try and create was the ‘swan neck’ shaped mounts that protrudes onto the top surface of the wing profile. This would allow me to minimize the loss of low pressure underneath the wing’s surface by reducing the interference cause by the mounts. He then made the profile of the mounts NACA0012 shaped to give it a smooth leading edge and sharp trailing edge in order to minimize the drag from it. Having the mounts come up over the top of the wing would require it to sit lower in relative position to the car as the top of the mounts would become the highest point, having to fit under the height restriction of 110cm (Snowdon, 2024). 
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Figure 7.4.5: CAD Model Swan Neck Mounts	         Figure 7.4.6: Post Processing of underside of Swan Neck 
Following Ragulans initial test, he decided to carry out an angle of attack study on the wing with this new swan neck mounting system.
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Figure 7.4.7: Angle of Attack Analysis on Swan Neck Mounted Car #40 Wing. 

As seen in Figure 7.4.7, car #40’s wing with the new mounting system, produces slightly higher downforce and can be set to higher angles of attack before reaching its stalling point at around 15 degrees.
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Figure 7.4.8.1 (Left): Pressure Contour of Swan Neck Mounted wing at 20 degrees angle of attack showing loss of low-pressure underneath indicating stall.
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Figure 7.4.8.2 (Right): Velocity Vector plot of Swan Neck Mounted wing at 20 degrees angle of attack showing flow separation on underside of wing profile.
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7.3.3. Multi-element wing
In accordance with the technical regulations, the Sports 2000 Duratec Championship (Snowdon, 2024) does allow endplate mounted wings complying with section 5.6.viii)f. After reading into Race Car Design (Seward, 2014) Ragulan learned about multi-element wing profiles where aerodynamic devices such as rear wings, use a mainplane with a flap mounted just above it at a higher angle of attack. This is to use the high-pressure air from the topside of the mainplane to re-energize the flow on the bottom surface of the flap, providing more downforce from the device. 
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Description automatically generated] Figure 7.4.9: Dual-element wing terminology (McBeath, 2017)  
Due to the technical regulations restricting us from creating our own rear wing, he has tried to use a rear deck extension created by Ewan to act as the main element in the design. Therefore, he can have the Sports2000 rear wing as the “flap.” McBeath, 2017, states that the gap between the underside of the flap and topside of the mainplane is best at 3.8% of the chord length. The overlap between the two elements is best at 5.2% of the chord. These figures were calculated from MIRA wind tunnel testing conducted by the author. The ‘chord length’ used in Ragulans design was taken from the point where the rear deck started to sweep upwards to the trailing edge of the rear wing. The wing would be mounted onto the endplates of the rear deck. 
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Figure D.7.4.10: Post processing image of the MCR with dual element wing profile. 

Table 7.4.2: Results of Multi element wing profile design 
	Flap AoA (deg) 
	cd 
	cl(-) 
	Efficiency 
	Balance (%Front) 

	7.66 
	0.3975 
	1.4568 
	3.6648 
	83.86 

	15 
	0.4301 
	1.5373 
	3.5739 
	74.46 
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Description automatically generated]Figure 7.4.11.1: Post processing image of MCR with dual element wing (flap at 7.66 degrees angle of attack) 
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Description automatically generated]Figure 7.4.11.2: Post processing image of MCR with dual element wing (flap at 15 degrees angle of attack) 

The post processing imagery in figures 7.4.11.1 and 7.4.11.2 show that increasing the ‘flaps’ angle of attack de-powers the rear deck and produces more downforce at the aerofoil. However, the numerical results displayed in table 7.4.2 show that the overall downforce isn’t very promising and despite the drag being less than the baseline model, the efficiency of the vehicle is poor with the balance being significantly forward at 74.46% front with the wing angle set to 15 degrees. 

7.3.4. Design Comparison
After coming up with a few different mounting solutions to the rear wing, Ragulan ran CFD test simulations on them attached to the whole car. This was to show how they effected the overall aerodynamics of the complete MCR bodywork. 
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Figure 7.4.12.1: Post-pro image of MCR with stock mounts. 	Figure 7.4.12.2: Post-pro image of MCR with Swan Neck 
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 Figure 7.4.12.3: Post-pro of MCR with Endplate mounts.  Figure 7.4.12.4: Post-pro of MCR with dual element wing. 

Table 7.4.3: Wing mount effects on car. 
	Wing Mount Model 
	cd 
	cl(-) 
	Efficiency 
	Balance (%Front) 

	Stock MCR 
	0.4339 
	1.7639 
	4.0654 
	55.77 

	Swan Neck 
	0.4299 
	1.8544 
	4.3138 
	49.44 

	Endplate 
	0.4250 
	1.9988 
	4.7026 
	54.02 

	Multi-Element (Endplate) 
	0.4301 
 
	1.5373 
	3.5739 
	74.46 



After running simulations of the full car models in CFD software, Ragulan compared the results from fluent and post processing imagery to see how the aerodynamics have changed from the baseline car with stock MCR wing mounts. Table 7.4.3 shows that the endplate mounted wing produces the most downforce for the least amount of drag, hence having the most efficiency. However, the balance of the car shifts rearward by only 1%. In comparison, the swan neck shaped mount shows similar benefits in drag and lift reduction but crucially bring the centre of pressure rearwards so that the car’s balance is 49.44% front. In figures D.8.1 and D.8.2, the pressure contour on the underside of the car is noticeably asymmetrical which could indicate inaccuracy within the results due to meshing issues. From looking at the four figures above, it’s clear that endplate mounts and swan neck mounts provide the greatest area of low-pressure air underneath the aerofoil.
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Figure 7.4.13.1: Total Pressure plot of standard wing mount showing loss of energy in airflow underneath wing.
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Figure 7.4.13.2: Total Pressure plot of Swan Neck mounted wing on car showing lack of disturbance to flow underneath the wing.

7.4. [bookmark: _Toc161390278]Rear Deck – EE
The rear deck is a key device of the MCR due to it being the predominant aero device at the rear of the car. Therefore, if any front sections of the car were to be improved it is key that the rear deck is also improved, to allow other areas of development to be implemented. Also, the rear deck extension was identified as an area requiring significant redesigns due to the implementation of rule 5.6.v of the sports 2000 regulations (SRCC DURATEC 2024 regulations, 2024, pg. 15) as mentioned in the appendix. This regulation has created the possibility of a rear deck extension due to the current deck only being 550mm rearwards of the rear axle. It is important to state that all simulation runs were to be done with a 25mm gurney on the trailing edge of the rear deck unless it was being changed. Also, end plates were added to act as a wall to stop the airflow spilling around the edge for the rear deck extensions. As stated previously the investigation does not simulate radiators due to their complexity. However, when the MCR was at the wind tunnel they ran the MCR with and without radiators and the effect of this can be seen in the comparison to the MIRA data.
7.4.1. Rear deck gurney
The initial investigation was to investigate the rear gurneys on the trailing edge of the rear deck on the baseline model of the MCR. A gurney typically tends to be a perpendicular plane that sits on the trailing edge of bodywork. It works by pulling air from the underside of the body work upwards, shown below (DynaRace 2.0, n.d.), increasing the velocity towards the trailing edge and therefore producing downforce. However, the larger the gurney the greater the drag due to it being in the way of the airflow. Gurneys are good at being able to help improve the drivers balance of the vehicle and can be easily changed depending upon driver feedback. 
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Figure 7.5.1.1: Mathew Horsky WRC model CFD results 11/12/2023 

The group then decided to do CFD runs where the size of the rear gurney was changed. It was then decided due to driver feedback and research that when the rear gurney increases in size the drag and downforce would increase proportionally. As well as moving the balance rearwards on the vehicle due to the downforce being at the trailing edge of the rear deck, ultimately adding downforce from the rear. 
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Description automatically generated with medium confidence]Figure 7.5.1.2: Graph on different gurney heights being applied to the rear deck 

The graph shows general trends that are similar to what was anticipated. The data would suggest that as expected the drag and downforce increase when adding a greater size of gurney. As shown in the figure above it is beneficial to always run a rear gurney, because there is a significant drop of in downforce when the gurney is removed. These results would suggest running as low size gurney as possible but where the driver still has a good balance of the vehicle, this will vary depending upon the circuit. 
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Description automatically generated]Figure7.5.1.3: Velocity contour plot 25mm gurney		Figure 7.5.1.4: Velocity contour plot 50mm gurney 

These contour plots in figures 7.5.1.3 & 7.5.1.4 validate the difference in downforce due to higher velocity air attaching for much longer on the underside of the rear deck in the 50mm gurney compared to the 25mm gurney. However, there is an increase in drag and can be partially shown by the increase in low velocity stagnating around the trailing edge the rear deck. 

The values that were gathered from the CFD runs and were then put into optimum lap to get an idea of the effect the increase in gurney size would have on the lap times. It was assumed that the change in balance of the vehicle would not affect the driver's performance. 

Table 7.5.1: Optimum lap study on the effect the lap times the MCR goes to when the gurney size changes 
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The data shows that as expected the increase in gurney size has a significant impact on lap time and therefore as low of a gurney as possible should be used. However, when the gurney size decreases the car becomes less stable, due to the shift in balance and therefore having a car that is drivable overrides any advantage gained from the gurney.

7.4.2. Rear deck shape
7.4.2.1. Initial idea, plan and run
One of the first initial ideas was to get an idea of some initial potential the rear deck could have if the shape was changed. The model's idea was to assume that there was no suspension on the vehicle and that any shape could be made, leading to a flat start to the rear deck and then into a curve that gets more aggressive towards the trailing edge, as shown below. The idea behind this was to get higher velocity that attaches to the underside of the rear deck, where more downforces could be made. With this shape more downforce would be generated near the rear of the vehicle moving the balance rearwards. Also, it will reduce lift as the hump on the baseline model creates lift due to the shape on the baseline being an inverted wing. The drag will increase on the changed profile due to the increase in frontal area on the rear deck.  
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	Figure 7.5.2.1.1: Velocity contour plot Baseline rear deck shape
	Figure 7.5.2.1.2: Velocity contour plot flat start rear deck shape                                                               



Table 7.5.2.1.1: Table showing the effect of the changed profile has on drag downforce and balance of the vehicle 
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The tables and contour plots show some significant potential out of the change in rear deck. This is due to the downforce increasing by over 25% and the overall efficiency increasing by over 18%. Also, the balance moved further rearwards, which could improve the overall balance of the vehicle for the driver. The drag has increased as expected but not dramatically. The initial run shows good potential improvements with the change in shape. 




7.4.2.2. Arm fit deck shape change
The key shape change that worked effectively was the A-Arm fit deck profile. This is the lowering of the deck on the underneath of the inside (next to the engine cover) this was done to get the underside lower to the ground to reduce the lift and get higher velocity attaching to the underside of the rear deck. The issue was that it couldn't be lowered by much due to the suspension. There was also not a lot of benefit to this due to the cd increasing by 2.4%, whilst the downforce only increased by 10%. Furthermore, the balance moved only 1.5% further rearwards. These results relate to the contour plots of the rear deck shown below and therefore with driver feedback and minimal improvements these changes will not be taken any further. 

Table 7.5.2.2.1: A-Arm fit underneath compared to baseline 
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	Figure 7.5.2.2.1: Velocity contour plot – baseline
	Figure 7.5.2.2.2: Velocity contour plot – A-Arm fit underneath 



With these results being the only positive results from shape change investigations and with understanding of the potential of the rear deck extension that no more investigations would be carried out on the deck shape change. The focus from now on will be predominantly on the rear deck extension. 
7.4.3. Rear deck extension
7.4.3.1. Initial plan and direction going forward
The rear deck extension was identified as an area of considerable improvements due to the potential increase in downforce ultimately at the cost of a small increase in drag. Also, the rear deck was identified to have the possibility of an extending the current extension due to the change in rules and regulations as stated earlier (rule 5.6v 2023 sports 2000 Duratec championship, 27/02/2024).  Furthermore, the study on rear end extension (Sebban and Walker 4AD) suggest that rear deck can increase low pressure underneath the rear deck extension, which is what the group are after, due to that creating downforce.
To start the investigation into the rear deck extension, the group decided a good way to review what the best deck extension was by using a matrix, as shown in the figure below. The number allocated from the matrix related to the position of the trailing edge. This was useful to get an idea of what effect each position the rear deck extension would have on the cd, cl and balance. For the matrix runs it was predicted that option 1 is likely be the best due to it being a far deck extension as well as being out of the airflow, ultimately increasing cl, decreasing cd and moving the balance further rearwards (Mcbeath,2017, pg180). Also, it is likely that the steeper the gradient of the rear deck extension the greater the downforce (Mcbeath,2017, pg170).  The group also aimed to create aero maps to get some more understanding of the effects of the position chosen.
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7.4.3.2. Flat rear deck extension
Initially there were three different deck extensions run. One of the initial rear deck designs is for the suspension to be ignored, creating a flat initial part of the deck as shown in figure 7.5.2.1.2. This was completed because of the previous changes in the rear deck shape change. This was carried out to see how much of a hinderance or improvement the rear deck extension would have on the cd, cl and balance using a similar concept to the flat deck shape change. The change in design is shown below.
[image: ]Figure 7.5.3.2.1: Rear deck extension matrix for flat rear deck extension investigation 

The matrix only has 9 sets of runs; however this rear deck investigation has an additional 3. The initial investigation was run with the 3 by 3 matrix, however seeing the low drag, whilst some of the highest downforce was only at 350mm above the floor, it was clear that it should be lowered further and investigated. However, once the rear deck was lower than 350mm off the floor a lot of the downforce was not as effective, this was likely due to the angle of the slope not being very aggressive. As a result, the air was not creating a high velocity underneath. The figure also shows that the air flow when the rear deck was in a high position it seemed to detach from the underside of the surface due to the angle of the slope being too steep, leading to stalling or separation of the airflow as shown in figure 7.5.3.2.3 & 7.5.3.2.4 after around 425mm rearwards. The drag is as expected because when the height of the rear deck increases the drag increases as well. It does seem that the 425mm floor seems to have less of an impact on the drag, whilst the downforce seems to work generally quite effectively around the 425mm mark. Also, the balance tends to be at an ideal spot of around 550mm rearwards and 275mm off the floor.
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Figure 7.5.3.2.2: Aero map on flat rear deck extension  
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	Figure 7.5.3.2.3 velocity contour plot of 425mm rearwards 500mm of floor deck extension  
	Figure 7.5.3.2.4 velocity contour plot of 425mm rearwards 425mm of floor deck extension 


 
The best position appears to be around 330mm off the floor and 550mm rearwards, this is due to the drag being reasonably low at a value of 0.575, whilst the balance is in a reasonable position of around 40%. The balance is a little further rearward than the group would like, however it is hopeful that other components the team brings can be used to pull the balance forwards. The downforce is not high at this position however with reasonably good balance and the drag being kept low is very important. This is a significant improvement on the baseline as shown below, however this design cannot be implemented due to the rear suspension being in the way of the deck. Therefore, it is just an idea of what is possible and what changes have a significant impact on the car.
Table 7.5.3.2.1: Table on best flat rear deck extension (330mm of the floor & 550mm rearwards of the trailing edge of the rear pontoons) compared to baseline 
[image: ] 

These values can be validated through the post processing shown below. This is because the comparison to the baseline is that the velocity underneath the trailing edge is much higher on the rear deck extension than the baseline, as shown in figure 7.5.3.2.5 & 7.5.3.2.6. There is a slight increase in drag and is mainly due to the frontal air flow hitting the curved rear deck as shown in figure 7.5.3.2.8, because the high pressure in front of the trailing edge of the rear deck and the streamlines being squeezed over the gurney. 
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	Figure 7.5.3.2.5: contour plot 0.5m away from centre line showing contour plot of baseline model 
	Figure 7.5.3.2.6: contour plot 0.5m away from centre line showing contour plot of 350mm of floor and 550mm rearwards deck extension 
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	Figure 7.5.3.2.7: contour plot 0.5m away from centre line showing pressure contour plot & streamlines of baseline model 
	Figure 7.5.3.2.8: contour plot 0.5m away from centre line showing pressure contour plot & streamlines of 350mm of floor and 550mm rearwards deck extension 


7.4.3.3. Current deck with deck extension
The next set of runs were to see what could be done by using most of the rear deck shape. In this case, in relation to the matrix the trailing edge would have a changed the end point as shown below. As in the previous investigation the lowest furthest rearwards position would be the most effective position as there would be a similar drag with the increase in downforce when compared to the baseline.
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Description automatically generated]Figure 7.5.3.3.1: Rear deck extension matrix for current rear deck extension investigation 

The data gathered from the investigation tends to show that the drag and downforce increases proportionally to each other until the rear deck reaches a height of over 425mm above the floor of the vehicle and under 425mm from the edge of the rear pontoons, as shown below. This would be as expected, due to the slopes’ gradient being low and therefore not enough energy for the air to attach to the rear deck's underside, whilst the drag still increases due to the frontal area. Furthermore, when the rear deck's height and distance from the rear pontoons increase the balance moves further rearwards. This is due to the rear deck becoming more powerful due to the increase in downforce further rearwards.
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Description automatically generated]Figure 7.5.3.3.2: Rear deck extension for current rear deck aero map 

An ideal position for this rear deck to be in, is at 365mm off the floor of the car and then 550mm rearwards of the rear pontoons. This is due to the drag being low and not increasing much when compared to the baseline values, as shown in figure E.16 below. Whilst the downforce has increased significantly compared to the baseline, without hindering the drag significantly shown by the efficiency value being high at this position. Furthermore, the balance is at a good position of 44%. Indicating that with the inclusion of other performance improvements that bring the balance forwards, it is possible that they could be implemented with the power of the rear deck.
















Table 7.5.3.3.1: baseline vs current rear deck extension @ 365mm of the floor of the car & 550mm rearwards of the trailing edge of the rear pontoons 
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There is a significantly higher velocity air flow on the underside of the rear deck in the deck extension than in comparison to the baseline. This then creates the major downforce increase that was shown in the data above. With this increase in downforce coming from the rear of the car, it then results in the balance moving rearwards, which is what the group were looking for.
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	Figure 7.5.3.3.3: contour plot 0.5m away from centre line showing contour plot of baseline model 
	Figure 7.5.3.3.4: contour plot 0.5m away from centre line showing contour plot of 350mm of floor and 550mm rearwards current deck extension model 



The drag increase that was found predominantly came through the air flow interacting with the wall of the rear gurney and the general length increase of the rear deck, as shown in figure 7.5.3.3.6. Whilst on the baseline the hump sends a lot of the air over the rear gurney before it can reattach to the upper surface of the rear deck. However, the drag increase is not extreme and therefore outweighed by the cd and cl improvements.
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	Figure 7.5.3.3.5: contour plot 0.5m away from centre line showing contour plot & streamlines of baseline model 
	Figure 7.5.3.3.6: contour plot 0.5m away from centre line showing pressure contour plot & streamlines of 350mm of floor and 550mm rearwards current deck extension model 



7.4.3.4. A-Arm fit deck extension
From the initial shape change run there was some potential with the A-Arm fit and then to extend the rear deck into the position of the matrix, to get an understanding of what the best position was for the rear deck extension. The design was to have the outside hump of the rear deck remain in its current position. This design would then hopefully increase the downforce due to the underneath of the rear deck reducing the lift on the inside of the rear deck, due to the lowering in angle of the upside-down wing profile of the rear deck. This is shown below with the blue line being the old top surface of the rear deck.
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Description automatically generated]Figure 7.5.3.4.1: 425mm of floor of car & 425mm rearwards of the trailing edge pontoon A-Arm fit rear deck extension 

The lowering of the inside of the hump should increase downforce as it is then acting as less of a lifting device as well as creating more downforce due to the slope starting lower, leading to the increasing gradient and ultimately downforce. This change should see similar trends as to the initial deck shape change on the inside of the deck (figure 7.5.2.2.2). In this case, where the deck is flatter, the drag is likely to increase due to more air hitting the deck and gurney straight on. Having the cambered deck is a mixture of the flat rear deck extension and the current rear deck extension being combined.
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Description automatically generated]Figure 7.5.3.4.2: Rear deck extension for A-Arm fit deck aero map 

The data shows that when both the distance of the floor and the distance rearwards increases, both the drag and downforce increase. When the distance rearwards or above the floor increases the balance moves further rearwards, apart from when the distance rearwards is below 425mm. This is because of a region of high velocity circulation of air occurring on the slope of the deck extension as shown in figure 7.5.3.4.4 This does not have a significant effect when there is a small distance above the floor, however the greater the hight of the deck extension, the circulation increases as shown through the difference in dead zone regions in the figures below.
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	Figure 7.5.3.4.5 velocity contour plot 0.5m away from centre line for 300mm rearwards 350mm of floor 
	Figure 7.5.3.4.6 velocity contour plot 0.5m away from centre line for 300mm rearwards 500mm of floor 
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	Figure 7.5.3.4.7 velocity vector plot 0.5m away from centre line for 300mm rearwards 350mm of floor 
	Figure 7.5.3.4.8 velocity vector plot 0.5m away from centre line for 300mm rearwards 500mm of floor 



It is clear from the data where the ideal position of the rear deck is located (550 away from the edge of the rear pontoons and 350mm off the floor). This optimum position has a downforce at 2.614 and drag of 0.555. These values are great due to the downforce increase, as well as the balance moving to 38.516%. The only downside is due to the drag, as shown below in the table, due to the 20.087% increase in downforce. As mentioned previously the balance could be too far rearwards, but due to other components getting added the balance should move further forward. Yet this increase is outweighed as the downforce increase results in more speed being carried into the corners on circuit.





Table 7.5.3.4.1: Table on best A-Arm fit rear deck extension (350mm of the floor & 550mm rearwards of the trailing edge of the rear pontoons) compared to baseline 
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The balance is further rearwards than the group was looking for, however it has moved in the correct direction. As well as this it could mean that certain components that are likely to move the balance forwards could be implemented if their cd and cl are improving the vehicles' overall performance.
The values gathered can be seen to be realistic and match the predictions, as the velocity under the trailing edge is much greater in the changed deck extension compared to the baseline, as shown in the figure below. Furthermore, the rear deck extension seems to also speed up the air from the cut in the floor as shown in the higher velocity in figure 7.5.3.4.8 compared to figure 7.5.3.4.9. 
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	Figure 7.5.3.4.8: velocity contour plot 0.5m away from centre line of baseline 
	Figure 7.5.3.4.9: velocity contour plot 0.5m away from centre line of 550mm rearwards 350mm of floor A-Arm fit deck extension 



As well as the high velocity on the underside, the streamlines also show us that the high pressure on the topside of the rear deck, particular at the trailing edge. This is present due to the air slowing down as it collides with the bodywork and rear gurney, as shown in the figures below. This interaction between the airflow and the edge of the rear deck extension also shows the increase in drag and downforce, from the contour plots of pressure, which in this case is increasing downforce but also increasing drag.
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	figure 7.5.3.4.10: Pressure contour plot 0.5m away from centre line and streamlines showing airflow of baseline model 
	Figure 7.5.3.4.11: Pressure contour plot 0.5m away from centre line and streamlines showing airflow of 550mm rearwards 350mm of floor A-Arm fit deck extension 



7.4.4. Final design
The design that will be implemented going forwards is the A-Arm fit rear deck extension, where the rear deck extension is located at 550mm rearwards and 350mm of the floor. This is due to the significant increase in performance compared to the baseline especially the downforce generated in comparison to the slight drag increase and the balance moving further rearwards. 
As this project was beginning to be pulled together, the drivers expressed their concern.  They were not keen on the idea of the A-Arm fit rear deck extension and worried about the affect this design would have on the suspension. Therefore, the hump on the inside of the A-Arm fit was significantly raised to reduce the deviance from the current model. With this information, the design was then altered and added to the new floor and splitters to get an idea of its potential in relation to other components introduced during the project, as shown below.
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Description automatically generated]Figures 7.5.4.1&7.5.4.2: CAD model of 550mm rearwards 350mm above the floor rear deck extension 

The results that were gathered clearly show great improvements through the colouration difference in the optimum lap study on lap times around the circuits the MCR is going to this year.  The overall average lap time difference to the baseline of a reduction is 2.660 seconds and a difference to the floor and splitter of 2.207 seconds being saved per lap as shown in figure 7.5.4.1 These numbers are not likely to be as effective as real life due to many various reasons such as:
· Driver performance
· Weather conditions
· Accuracy of CFD
· Differences in CAD model compared to real life
· Vehicle performance












Table 7.5.4.1: difference in deck extension 07compared to baseline and floor and splitter values 
[image: A screenshot of a spreadsheet

Description automatically generated]
However, looking into the physical numbers tells information that is not used in optimum lap time, such as the balance. The balance of the vehicle has moved further rearwards than previously, which is one of the groups goals. However, due to the floor and splitter moving the balance forwards, the changes in design have cancelled each other out. Therefore, the car is still in a driving position that is not comfortable for the driver to operate in.
The drag has increased, but the A-Arm fit seems to have a small increase when compared to the baseline and the old A-Arm fit model. It was unclear why until it was shown that the hump in the rear deck extension pushed some of the airflow over the rear gurney, as well as the airflow going over the rear deck extension. With the airflow going over the rear deck the airflow has less interaction with the topside of the rear deck and gurney, as shown below. 
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Description automatically generated with medium confidence]Figure 7.5.4.3 Pressure contour plot 0.5m away from centre line and streamlines of the 550mm rearwards 350mm of floor rear deck extension 

The downforce being generated is as the group wanted, being 79.257% increase compared to the baseline and then 43.577% increase compared to the floor and splitter. This is very good results and is the main reason for the balance moving further rearwards as well as decreasing the lap time.
With the balance still being too far forward, the design was slightly changed. This was done through the rear deck sitting much lower after the rear suspension hump as well as increasing the height of the trailing edge by 50mm to get a steeper gradient, as shown in figure 7.5.4.3.
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Figure 7.5.4.4 Cad models of rear of previous rear deck extension ran (on the left) & changed rear deck extension ran (on the right) 

This design change was to increase the downforce being generated on the rear deck, particularly towards the rear, doing this would also move the balance rearwards. The change in design is likely to increase drag due to more of the airflow coming into direct contact with the rear deck. 
Aswell as this change to the rear deck the vehicle was de-raked to a 20 front 30 rear position. This was to reduce the drag gained, whilst also moving the balance rearwards. Doing this will decrease the downforce due to the front of the car being further away from the ground and relies on the rear of the car to create more of the downforce.





















Table 7.5.4.2: difference in altered deck extension compared to baseline and floor and splitter values 
[image: A screenshot of a spreadsheet

Description automatically generated] 
Looking at the values the balance has moved 45.728%. This is a much better balance for the driver and should assist the driver with better handling through the corners. Furthermore, it allows for any upgrades towards the front of the car that move the balance forwards. The reason for the balance being further rearwards is due to some general high velocity underneath the rear deck, especially towards the trailing edge where the airflow underneath is attached, as shown in image 7.5.4.7. This is then giving an increase of 86.912% from the baseline and a 49.708% to the floor and splitter coefficient of lift. This is still exceptional values as the downforce has increased from the previous rear deck extension design, whilst improving the balance.
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	Figure 7.5.4.5: velocity contour plot 0.5m away from centre line of baseline model 
	Figure 7.5.4.6: velocity contour plot 0.5m away from centre line of floor and splitter model 
	Figure 7.5.4.7: velocity contour plot 0.5m away from centre line of altered rear deck extension model 



The drag values have increased more than the group would like, with the increase from a drag of 0.434 and 0.484 for the baseline and the floor and splitter models compared to the 0.57 from the changed rear deck extension. This is because of the increase in height of the rear deck and the drop after the suspension hump, as shown in figure 7.5.4.10. It could possibly be improved through either dropping the trailing edge slightly and/or filling in the topside, where the deck lowers. This should reduce drag due to less airflow hitting a steeper gradient as well as better attachment on the top surface. 
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	Figure 7.5.4.8: pressure contour plot 0.5m away from centre line & streamlines of baseline model 
	Figure 7.5.4.9: pressure contour plot 0.5m away from centre line & streamlines of floor and splitter model 
	Figure 7.5.4.10: pressure contour plot 0.5m away from centre line & streamlines of altered rear deck extension model 


 
Looking at a comparison of the floors with and without the rear deck extension, as shown in the appendix, the rear deck seems to create a lot lower pressure underneath the rear of the floor. This is due to the deck pulling airflow from underneath (speeding up the airflow at the rear), this then increases the downforce and moves the balance rearwards. It should be considered that these were ran at different ride heights and is a high possibility that that helped the floors become more powerful.

[bookmark: _Hlk161408077]This altered A-Arm fit 400mm off the floor 550mm rearwards model seems to show significant improvements compared to the baseline and floor and splitter version, as shown in the images above. Therefore, even though there is a slight increase in drag the downforce being generated outweighs the drag increase. Also, other components on the vehicle should help to decrease the drag, ultimately pulling the drag back to where it was originally. Indicating that this area of development has proven that it should be added to the final design and is a piece of significant improvement to the bodywork. Images of the design and post processing can be seen in the appendix. 

7.5 Front Suspension Shrouds - TJ
7.6.1 Introduction 
This area of investigation focuses on the front suspension shrouds and cockpit components such as the roll hoop and fairing to better understand how these components and current implementations affect the overall aerodynamic platform and balance of the MCR. The priority investigation was to review and understand the current profile of the suspension shrouds and methods and experiments on reducing the lift being produced on the top surface where you would want high pressure. This area specifically looked at the ‘baseline’ specification bodywork that included the MCR spec front splitter and side floors, this was due to the requirement to understand how the shrouds worked in their current profile before any upgraded configurations were to be introduced to the model.
The SRCC rulebook states:
section 5.6.i) All mechanical components including the suspension must be covered and must not allow mechanical components to be seen when viewed from any orthogonal direction relative to the chassis X, Y & Z axes, this excludes visibility through wheel apertures.
5.6.iv.b) states that there can be no gap between the main body and wheel arches. 
The result of these two rules combined gives us a product which satisfies both requirements which is the shroud as it both connects the main body and wheel arches whilst covering the upper suspension components.


7.6.2 Research 
The main research carried out for this section included looking at aerofoil design, the effect the aerofoil shape and angle had on producing lift/downforce and drag and how that would affect the airflow further back of the car which is a critical area of focus in motorsport. implementing a smoother surface texture can drastically lower the frictional interaction between the air and the aerofoil, thus reducing the drag coefficient. Additionally, refining the aerofoil's shape to promote smooth airflow over its surfaces helps in curtailing the development of turbulent wakes behind the vehicle, which are a significant source of drag.
 The leading edge and bottom surface of aerodynamic devices play a critical role in producing downforce with the general principle being the larger the difference in pressure between the top and bottom surface, the larger the force due to a difference in velocity forcing the air to decrease in velocity on the top surface compared to the bottom surface to produce downforce. The shape of the leading edge ensures efficient airflow management by minimizing air separation and turbulence.
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Figure 7.6.2.1 - RP20 Front Suspension (Contributor, 2020)
Figure 7.6.2.1 above shows us the typical layout, profile and size of a modern F1 front suspension system where the upper, lower wishbone and pull/push rod suspension is exposed to the airflow and made from carbon fibre. F1 teams spend time and resources into developing their suspension components to both maximise the aerodynamic efficiency on the components and how they alter the airstream towards the mid and rear sections of the car. The rules laid out above govern that the suspension components must be covered within the sports 2000 championship, meaning the shroud profile is the limiting factor in increasing aerodynamic efficiency of the front suspension.
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Figure 7.6.2.2 – Toyota TS050 (danstrong, 2019)
Figure 7.6.2.2 above shows the WEC championship during the 2019-2020 season Toyota introduced new geometry to their front aerodynamic surfaces including the shrouds connecting the front nose to the wheel arches, comparing the shrouds to the ones shown on the MCR below you can see that the profile is longer and appears symmetrical across the Z axis allowing for an equal distribution of pressure towards the rear section of the car, this would ultimately aid in keeping the flow attached as it follows a smoother surface along its entire length.
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Figure 7.6.2.3 - MCR Suspension Shrouds
Figure 7.6.2.3 shows the focus area regarding the suspension shrouds which are highlighted in blue. The main area of interest was the interaction between the front splitter and the leading edge of the shroud and how that would affect the aerodynamic efficiency.
(Vogt and Barber, 2012) observed that the wing's downforce significantly and progressively increased as its ground clearance was lessened. Upon reaching the maximum downforce, the force began to decline rapidly with any further decrease in clearance. Furthermore, the phenomenon of separation started to appear at the suction surface's trailing edge, which faces the ground, as the height was diminished. As the wing was lowered further, the point of separation moved steadily towards the leading edge, a trend that continued even after achieving the height of maximum downforce.
[image: ]Figure 7.6.2.4 - Pressure coefficient of an inverted aerofoil at different ride heights (Vogt and Barber, 2012)
The rake angle of a race car plays a significant role in influencing the performance of aerodynamic devices. This setup is a deliberate design choice made to enhance the aerodynamic efficiency and downforce of the vehicle, particularly in high-speed racing contexts.
When the rake angle is increased, it effectively alters the airflow dynamics around the car, especially under the chassis and across the aerodynamic surfaces. For inverted wings, which are designed to generate downforce (the opposite of lift in aircraft wings), an increased rake angle can have a profound impact on their effectiveness. An increased rake angle can amplify the downforce generated by the inverted wings. By tilting the car's body, the underside of the chassis becomes more exposed to oncoming airflow. This configuration can create a Venturi effect between the ground and the bottom of the car, accelerating the airflow and reducing pressure underneath. When combined with the inverted wings, which are also working to decrease pressure above them and increase it below, the overall downforce on the vehicle is significantly enhanced.
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Figure 7.6.2.5- Rake vs Pressure Distribution (Dzijan 2017)
Figure 7.6.2.5 above shows the significance of the downforce generated by altering the rake angle of a vehicle as it moves the pressure distribution of the bottom surface of the car, which is the floor. The lower the pressure on the bottom surface of the vehicle in this case being the floor compared to that of the top surface will result in more downforce being generated.
During both acceleration and heavy braking, the pitch angle of the car will change through suspension travel, altering the aerodynamic profile which would influence both the drag and downforce generated. An important aspect of aerodynamic performance is the ability to keep the platform, in this instance the vehicle at a set ride height so that the aerodynamics can work consistently and reduce the change in both drag coefficient and lift coefficient if the ride height were to change (Floyd and Law, 1994). 
The relationship between aerodynamics and suspension forms a closed-loop system that is managed by the driver. The process of returning aerodynamic force feedback involves the vehicle's overall movements, which include adjustments in roll angle, pitch angle, yaw angle, and ride height, all of which are regulated by the suspension system. These oscillatory movements significantly alter aerodynamic coefficients and the position of the center of pressure (CP) on surfaces, which, in turn, leads to fluctuations in aerodynamic forces (Nerini et al 2014).
7.6.3 Designs
Several designs were created using SolidWorks that could then be run through CFD to better compare the wind tunnel data with SABE’s post processing and how these designs would work in a simulated environment and if they would be beneficial or what effect they would have on the overall platform. 
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Figure 7.6.3.1- 15mm Shroud Gurney
Figure 7.6.3.1 above shows us a CAD model that recreates the gurney flap that is currently being used on both race cars which consists of a 15mm high material perpendicular to the chord line on the trailing edge of the suspension shroud. It's used to enhance the aerodynamic performance of the wing, particularly by increasing lift and delaying stall (Wang, Li and Choi, 2008). In cases where flow separation occurs near the trailing edge, a gurney flap can help reattach the flow, reducing drag and improving overall performance. 
Further designs such as larger gurney flaps, redesigned suspension shrouds will then be investigated to best maximise the aerodynamic effect of the shrouds and to reduce the lift being generated whilst improving the flow rearwards of the trailing edge.
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Figure 7.6.3.2 - Baseline vs 10-degree shroud.
The image above presents a split view contrasting the shroud configuration on the baseline model (left) with that of a 10-degree variation (right), both observed at a rake angle of 0 degrees. A noticeable alteration in the frontal area of the component is apparent, despite maintaining an identical leading-edge profile across both configurations. This design aims to evaluate the flow attachment underneath the shroud and the interaction between the top surface of the front splitter. The key focus lies in determining whether the lift generated on the top surface is either mitigated or rendered negligible.
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Figure 7.6.3.3 - Pressure interaction on front shroud
Figure 7.6.3.3 above gives us a visual of the interaction between the high and low pressure being generated by the front splitter will interact with the shroud and the air interacting with the leading edge of the shroud, as the positive force of the top surface of the splitter follows its trajectory, the shroud must then produce an opposite force above which is resulting in lift.
7.6.5 Analysis
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Figure 7.6.5.1 - 10 Degree shroud pressure gradient.
Figure 7.6.5.1 above gives us a pressure gradient of the frontal area focusing on the suspension shrouds, the results show a low velocity across the top of the leading edge and along the length of the top surface which would result in lift being generated as the lower surface is also a high velocity, the inverse of what is wanted to produce downforce. The pressure differential between the high-pressure surface and the low-pressure surface can result in airflow moving from the high-pressure region towards the low-pressure region, due to the interaction between these surfaces the high pressure air has no direction of travel other than to continue along the path of the lower shroud surface unless redirected.
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Figure 7.6.5.2 - 10-degrees streamline
Figure 7.6.5.2 above shows the streamline across the X axis of the shroud and the interaction between the front splitter. It shows us that as the flow hits the leading edge of the shroud the velocity is increasing as it begins to curve around the surface resulting in a low-pressure gradient across the top and bottom surfaces. Due to the profile of the shroud, the flow is unable to remain attached up until reaching the trailing edge and separates approximately 2/3 of the length of the chord making its way between the rear deck and wing. The flow being kicked up from the trailing edge of the splitter is free from that of the lower surface of the shroud which would ultimately aid in creating a low pressure region on that surface, the flow across the top surface of the splitter is decreasing the velocity of the free air as it reaches the shroud resulting in the high pressure interaction seen as the flow is not able to follow the profile. 
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Figure 7.6.5.3 - Pressure gradient 10 degrees above
Figure above shows the pressure gradient of the car from the Y axis which displays the low-pressure contour across the leading edge of the front shrouds, as the flow continues down the length of the car from the shroud it does not follow the path of the rear deck but instead remains above the surface and exits between the end of the rear deck and the bottom surface of the shroud, ultimately getting this interaction right may allow the rear deck to become more energised shifting the balance further back. 
[image: ]
Figure 7.6.5.3 - 15mm Gurney Flap
Figure 7.6.5.3 above shows a pressure contour of the gurney flap along the trailing edge of the suspension shroud. The results show that the top surface of the shroud is producing more lift with the gurney flap than the baseline model and model with the 10-degrees shroud. Although it is producing more lift it appears to show that the gurney flap does work to reenergise the flow and delay the separation. By reducing or delaying separation, the gurney flap can improve the lift generation characteristics of the aerofoil, even if it's primarily designed for generating downforce.
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Figure 7.6.5.4 - 15mm Gurney Streamline Velocity
Figure 7.6.5.4 above shows us the velocity streamlines of the front suspension with the baseline shrouds with a 15mm gurney at the trailing edge. The results show us that the flow is able to attach to the surface much better with a gurney flap than with the baseline model as it reenergises the flow keeping it attached for longer. The upper surface is producing a high velocity which would equate to a low velocity this then means that the gurney flap would be energising that low pressure increasing the lift however shows that it does work. As the flow leaves the trailing edge of the gurney it remains on its trajectory between the rear deck and wing. 
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Figure 7.6.5.5 - Top Pressure Contour 15mm Gurney
Figure 7.6.5.5 shows the pressure contour of the top surface of the car with the 15mm gurney at the trailing edge, although the results do not seem to show too much difference from that of the 10-degrees shroud it does appear to have reduced the overall pressure of the shroud quite significantly in its maximum area which now continues rearwards with a much higher velocity this has an effect on the rear deck and appears to have reduced the downforce and drag being exerted on the top surface.
While a gurney flap is typically added to increase downforce, it's essential to consider its potential secondary effects on aerodynamic performance, including unexpected increases in lift. Overall, the pressure gradient and flow interactions created by the positioning of the high-pressure surface below the low-pressure surface of the second aerodynamic object contribute to the generation of lift on the second surface. This phenomenon is commonly observed in configurations such as multi-element wings, where the interaction between adjacent surfaces plays a crucial role in overall aerodynamic performance and lift generation.
Further inspection of the suspension shroud would be to look at different lengths of shrouds, angles of attacks and how to better use the high pressure on the lower surface in cases such as brake cooling. Dimensions and travel measurements of the suspension components can be recorded so that the shrouds can be designed to allow for bump travel and to have a more aerodynamically efficient profile which would ultimately reduce the lift being generated or to transfer the high pressure from the underside to maximise the rear deck and help balance the centre of pressure more rearwards.
Table 7.6.5.1 - Baseline vs Gurney, vs 10 Degree Cd/Cl
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Table 7.6.5.1 gives us the difference and comparison between the drag and lift coefficient from the baseline, 15mm gurney and the 10-degrees shroud CFD runs.  It shows us that by introducing the 15mm gurney the group were able to decrease our drag coefficient by 0.05 and a change in lift coefficient of –0.52. Although the lift value has decreased by a sizeable amount this isn’t taking into account that due to the top surface of the shroud now producing lift instead of downforce the overall negative lift would have decreased whilst the shroud may be more capable of producing more lift in general, looking at the interaction and how to harness that potential will the next step in this research and development objective.


8. [bookmark: _Toc161390280]Simulation of collective designs
8.1. [bookmark: _Toc161390281]Project X – RP
Project X was the group’s attempt at simulating a realistic design model which they could implement onto the MCR for the upcoming season. After producing working models of John Iley’s newly crafted splitter and floor pieces, they decided to take a 200mm extended rear deck model courtesy of final year student Dylan Arthur which could be easily implemented on the real car, paired up with the updated CAD model of Car #40’s wing, the newer iteration of Sports2000’s aerofoil. They ran test simulations of this model with the wing at different angles of attack to try and see where they could bring the balance to using one of the trim devices. Following this, they de-raked the car and lowered it to ride heights of 20mm front, 40mm rear to bring the balance even rearward. They tested the model again squatting it further to 20mm front, 30mm rear ride heights. 

[image: A graph of a graph showing the wing angle of attack study

Description automatically generated] Figure 8.1.1: Project X Wing Angle of Attack Study



	
[image: A graph with a blue line

Description automatically generated]Figure 8.1.2: Project X Wing Angle of Attack – Balance Relation 

Looking at the results from the initial simulations of the project, it’s clear they have made significant improvements in the downforce and efficiency of the car. By increasing the wing’s angle of attack, they have been able to bring the balance back to under 50% front. The target balance is 46-48% front so to get closer to this value, they decided to alter the ride heights of the car, lowering it to 20mm front, 40mm rear. This proved to significantly increase the downforce and efficiency of the car, which follows the theory of ground effect as the airflow underneath the car is squeezed more with the decreased ground clearance. Unfortunately, the balance of the car moved to 56% front with this iteration. To try and bring the centre of pressure rearwards, they dropped the rear of the car to 30mm above the ground, lowering the rake by 10mm. This proved to be a much easier method of moving the balance rearward, with results similar to the first iteration at 30mm – 50mm ride heights but with the balance moving 2% rearwards. Still, they were around 3% away from the target balance, so they decided to create a 300mm deck extension to further power up the rear deck so they could shift the balance more rearward without the use of trim devices such as wing angle. This geometry proved to increase drag but significantly increase downforce, improving the overall efficiency to 5.6 and moving the centre of pressure so that the car was now finally rearward biased. Using Car #44’s rear wing profile on this model moved the balance back slightly further, although increasing the drag with it. The group decided to de-rake the car more to 20mm-25mm ride heights and this proved to be a major improvement across all categories. 




Table 8.1: Project X, 300mm Deck Extension Rake Change 
	Rake (mm) 
	cd 
	cl(-) 
	Efficiency 
	Balance (%Front) 

	10 
	0.571 
	3.200 
	5.604 
	49.984 

	5 
	0.551 
	3.051 
	5.538 
	45.760 



 Following these results, the group decided to do a gurney flap study with the 10mm rake model to see if they could bring the balance slightly rearward with our other trim device. 

[image: A graph with blue and orange lines
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Figure 8.2.1: Project X Gurney Height Study	             Figure 8.2.2: Project X Gurney Height Study Balance 

[image: A rainbow colored background with black text

Description automatically generated with medium confidence] 
Figure 8.3.1: Post-Pro Vector Plot on Project X 15mm Gurney 

[image: A rainbow colored map of a ship

Description automatically generated with medium confidence]  
Figure 8.3.2: Post-Pro Vector Plot on Project X 35mm Gurney 
The figures above show the airflow separating from the deck with a 35mm gurney whilst it remains attached to the model with a 15mm gurney. 
Alongside the general investigation, using the project X model the group ran a series of runs where the front ride height remained at 20cm, whilst the rear ride height changed between 20mm to 40mm and the gurney ranged from no gurney to 30mm. This was run in CFD and then the values were taken and put into the matrix shown below. 
[image: A screenshot of a graph

Description automatically generated]Figure 8.4: Aero Map for Project X - EE
The region where the car wants to be is 20 front with about a 25 rear ride height and 20mm rear gurney due to the balance being in a good region as well as the drag being reasonably low with still good downforce values.









8.2. [bookmark: _Toc161390282]Project Y
After identifying the performance benefits of scallops designed by Alfie, the next step in the collaborative part of the investigation was simulating the 300mm deck extension with front pontoon scallops since this was again an easy feature to implement on the real car. This investigation, named Project Y, was mainly carried out by Alfie and documented in section 7.2.

[image: A graph with blue and orange lines
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Figure 8.5.1: cd and cl(-) plots for Project Y			Figure 8.5.2: Balance plots for Project Y












8.3. [bookmark: _Toc161390283]S2nb – SN
The aims of the S2nb tests were to see how the different components the team designed would interact with each other. The test was split into four configurations in order to investigate how the rear wing design impacted the deck extension, as well as how a fully combined model would perform at different rakes. 
· 27- S2nb swan neck and rear deck extension
· 28- S2nb End plate mounted and rear deck extension
· 29- S2nb combined at a 20 30 rake
· 30- S2nb combined at a 20 40 rake 
Table 8.3.1: Table on S2nb drag and downforce.



Table 8.3.2: Table on balance for S2nb

[image: A green screen with a green background

Description automatically generated]Figure 8.3.1: Velocity contour plot of S2nb – Swan neck and rear deck extension
[image: A yellow and green background with a yellow sun

Description automatically generated with medium confidence]Figure 8.3.2: Pressure contour plot and streamlines of S2nb -swan neck and rear deck extension
[image: A building with a green screen

Description automatically generated]Figure 8.3.3: Velocity contour plot of S2nb - combined
[image: A yellow and blue background with a building

Description automatically generated with medium confidence]Figure 8.3.4: Pressure contour plot and streamlines of S2nb – combined

The results showed that the combined runs improved the performance of the scallops on the front pontoons due to better air flow. Coming off the floor. It was made it unclear to what extent the Splitter strakes had on the results and if they had any impacts on the performance of the other devices. The extended rear deck was also being depowered due to the interaction with the radiator exit ducts as they were designed to work with a shorter rear deck. The performance of the components when combined could have been improved if the team had developed their designs in unison as the results showed that when combined the efficiency of individual components dropped. 
[image: A yellow toy car with blue lines

Description automatically generated]Figure 8.3.5: Streamlines in front of the front wheels 
[image: A yellow object with blue lines

Description automatically generated]Figure 8.3.6: Streamlines showing the airflow of the front wheels
9. [bookmark: _Toc161390284]Performance Analysis – AM/EE
[image: ]Spring Deflection study S2NB.
Table 9.1- Constants for spring deflection study 

Table 9.2- Spring Rate Conversion 

[image: ] Tables 9.3 and 9.4 show the change in dynamic ride height at different speeds for a given Lift Coefficient. All the data used in this study is accurate the current specification of the S2NB bodywork package, including front and rear lift coefficients. Tables 9.5 and 9.6 show what the dynamic ride height will be at 43.7 m/s (seasons average speed) depending on static ride height and spring rate, this helps the team decide which springs to go for and what static ride hight to set. In this case, simulations found that 20mm front and 30mm rear right height was the best choice due to the drag benefits of a low rake setup whilst maintaining the lowest functioning ride height possible. These tables show all favourable setups in green where values are around the preferred ride height. 
[image: A screenshot of a data

Description automatically generated][image: ]Table 9.4- Spring Deflection at Rear Axle
Table 9.3- Spring Deflection at Front Axle



[bookmark: _Hlk161580577][image: ]These calculations were made using Hooks law, “Hooke’s law, law of elasticity discovered by the English scientist Robert Hooke in 1660, which states that, for relatively small deformations of an object, the displacement or size of the deformation is directly proportional to the deforming force or load. Under these conditions the object returns to its original shape and size upon removal of the load.” (Britannica, 2024), this is how a spring operates. Using F=kx and rearranging to make x the subject, vertical displacement of the MCR race car under loads at season average speed can then be found by calculating Downforce and spring rate to get dynamic ride height. Table 9.6- Dynamic Ride Heights at Different Spring Rates 
Table 9.5- Dynamic Ride Heights at Different Spring Rates

[image: ]

Part of tracking the performance of the students, a Gantt chart was made (See Section 12. Appendix) to monitor the progress on each task that the group members were assigned to. Unfortunately, due to reasons such as workload of other modules, the students couldn’t strictly stick to this chart.

Cost per second per lap:
There was also some performance analysis done on the cost of each new part in relation to how much time it would save per lap. This was done by taking the average lap time difference to the baseline and dividing it by the cost of the upgrade. The table below shows the how much each part cost, what the lap time difference was and then the cost per second per lap. A lower value means that it will save you more money for your time.
Table 9.7 – Cost per second per lap analysis
	
	Floor and splitter
	Project X
	S2nb - swan neck and deck extension
	S2nb combined

	Lap time decrease to baseline (s)
	0.453
	2.013
	2.37
	2.348

	Cost (£)
	2500
	2650
	7750
	7850

	Cost per second per lap (£/s)
	5514.71
	1316.23
	3270.04
	3342.80



Looking at the table, Project X is the best for getting your values worth, due to its significant lap time saving and low cost compared to some of the others and is a reason why it is planned to be put onto the car for this season.

10. [bookmark: _Toc161390285]Conclusion – RP 
After finishing the individual investigative areas and collating everyone’s designs together to create a final proposal for a new bodywork package, the students used data from all the main configurations of the MCR model to track our progress and see how they were changing the lift and drag of the car chronologically as well as how they shifted the balance. (See project conclusion run spreadsheet, Section 12. Appendix).
[image: A graph with different colored lines
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Figure 10.1: Change of cd and cl(-) with each configuration
After around two dozen configurations of full car models, the group and lift values that seemed to converge in a value well within their desired region (see yellow area in figure 10.1) but the drag was however just outside the area they hoped for (see blue area in figure 10.1) which isn’t the largest concern for the group as the optimum lap study completed by Ewan concluded that increasing downforce proved to be faster than decreasing drag at the same ratio.

[image: A graph with red lines and green lines
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Figure 10.2: Change of aerodynamic balance with each configuration
Figure 10.2 displays how the students shifted the balance of the car with each iteration which was a critical factor in how they decided on what designs were usable.
The group’s final proposal for a complete bodywork package, S2nB (configuration 29) saw a 31% increase in drag but an overwhelming 86% increase in downforce with the balance pushed back to 45% front. The ideal configuration of the car, however, was no. 27 which had the updated floors and splitter accompanied by Ewan’s latest rear deck design and Ragulan’s swan neck mounted wing. This design gave minor increases in efficiency with the balance being at 48% front, within the target region shaded in figure 10.2. Due to the major changes in deck profile and other modifications to the geometry, not all the designs part of our best iteration are able to be implemented onto the car for the upcoming season. This is why going forward, configuration 12 will be used for the 2024 season as it is the easiest to implement on the car for the performance gain that it brings. The 300mm deck extension paired with Iley Design’s floor pieces and splitter produces 73% more downforce with 27% more drag and crucially brings the balance to 45.7% front. (See Section 12. Appendix)
10.1 Further Work – RP
After viewing some of the post processing from the final proposal the student created from everyone’s design, the group could analyse where there were potential areas for further improvement with future work.
[image: ][image: ] Figure 10.1.1 (Left): Total Pressure plot of S2nB car showing higher energy flow in radiator ducts than Figure 10.1.2 (Right): Total Pressure plot of baseline MCR car
[image: ][image: ] Figure 10.1.3 (Left): Total Pressure plot of S2nB car showing energized region of airflow circulated within radiator duct propagating rearward into expansion zone of underbody.
[bookmark: _Toc161390286]Figure 10.1.4 (Right): Total Pressure plot of baseline MCR car showing reduced energy in airflow underneath rear deck compared to figure 10.1.3.
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12. [bookmark: _Toc161390287]Appendix
Sports 200 regulations - Rule 5.6.v - Maximum vehicle length forwards of the front axle centreline 91.5cm (36”) (including spoilers) the maximum vehicle length rearward of the rear axle centreline: 110cm (43.3”) (including spoilers) 

Meredith effect: The use of a carefully designed duct that is used to interact with the hot air from the radiator. The use of ducting especially the exit duct with an expansion zone after can then influence the drag and lift depending upon the pressure temperature and volume of the air in the duct and external airflow next to it.

SABE fluid dynamics aero map of baseline rake study:
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Images of baseline:
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Post processing images of baseline:
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Images of new floor and splitters:
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Post processing of new floor and splitters:
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MIRA Wind Tunnel Schematic:
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Images of final rear deck extension:
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Post processing images of final rear deck extension:
[image: A rainbow colored race car

Description automatically generated][image: A model of a car

Description automatically generated]
[image: A car model with a rainbow colored object
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Images of final rear deck and swan neck
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Post processing images of final rear deck extension with swan neck:
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Project conclusion run spreadsheet:
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Gantt chart on planned progress:

Meeting minutes:
16/02/2024
balance graph on how much needs to be added to get the balance back to the ideal position of the vehicle.
-drivers happy place 
- make sure not to hinder to increase the drag in doing so
- rear deck extensions need to have visual representation
add a 25mm gurney on the car with Dylan’s rear deck study.
mid position of rear wing with floor
minimum rear wing position with floor 
- then do this with rear wing position as the adjustment to get an idea of the effect of this on balance
- then do this with a scallop as well
- run with 20 front 40 rear rake with or without the scallops depending upon results
- run a rear deck with standard on top and flat underneath 
deflection of 5 mm on the deflected floor 
23/02/24
- Optimum lap study of data gathered from the Projects
- Project Y 20 30 rake + 300mm deck extension
- Project X with 300mm extension run in below rake positions:
- 20 25 
- gurney sizes to be ran on Project X - 20 30 ride height and 300mm deck extension and minimum wing angle
	- 15
	- 35
- baseline changed wing profile
- new floor and splitter baseline changed wing profile
Rerun with original rear wing. 
- first X
- end X
- first Y 
26/02/24
run a 0 gurney. 
run a rake and gurney study. 
pounds per second per lap analysis
graph of final and original speed around the circuit in optimum lap
1/03/24
- plot graph of this on the improvement throughout the season
- run air box on the model
Cd and Cl

Cd	0	100	200	300	400	500	600	0.44601788118811869	0.47359040594059398	0.44466969306930704	0.44845062376237604	0.44383847524752484	0.43715071287128698	0.44713633663366337	Cl	0	100	200	300	400	500	600	-1.5171381188118809	-1.9236778217821773	-1.7493805940594063	-1.8571494059405942	-1.5892899009900996	-1.4962248514851491	-1.7650021782178218	Distance from floor (mm)


Cd


Cl




Car Balance

Balance	0	100	200	300	400	500	600	58.846153846153847	54.46153846153846	55.769230769230774	55.076923076923066	59.461538461538467	57.653846153846153	57.269230769230774	Distance to floor (mm)


Car balance (%)



Efficincy of ducts 

0	100	200	300	400	500	600	3.4015186000401401	4.0619020099479801	3.93411249141898	4.1412572701084196	4.1251125173189003	3.4226750807694399	3.94734677907396	Distance from Floor (mm)


Effecincy



Floor and duct exit velocity 

Velocity at duct exit 	M/s	0	100	200	300	400	500	600	17.100000000000001	25.1	27.9	32.5	37.200000000000003	31.7	29.6	Velocity at floor edge 	M/s	0	100	200	300	400	500	600	38.5	43.4	44.4	39.1	39.299999999999997	33.5	34.299999999999997	Distance from floor (mm)


Velocity (m/s)








Project S2nb

cd	27	28	29	30	0.57180895999999992	0.54846952999999987	0.56926946999999994	0.56944055000000005	(-)cl	27	28	29	30	3.3136171999999995	3.2478323000000016	3.2906697000000005	3.2690249999999996	configuration number 


Coefficient of drag 


Coefficient of downforce




Project S2nb

balance (front)	27	28	29	30	48.705989660180961	46.57	45.497503190474177	52.365166537003752	baseline with changed wing profile	27	30	55.77	55.77	floor and splitter with changed wing profile	27	30	59.639830914449298	59.639830914449298	configuration number


Balance (front %)
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Figure B.1.1-High Pressure on Pontoon
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Figure B.1.2- Total Pressure Coefficient X slice
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Figure B.2.2- 2016 Audi LMP1 Leading Edge
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Figure B.2.1- theoretical air flow with WWM
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Figure B.3.1- Pontoon Shape Designs
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Figure 8.4.5- Zoomed in flow velocity on Scv1.A
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Figure B.4.8- Flow Velocity Underfloor Scv2.1. A
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Table B.1- Table of Baseline Bodywork run Results.
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Runs Cd  Cl Cd % difference Cl % difference  Aero Balance (%) Efficiency

Baseline 0.458 -1.728N/A N/A 50.19 3.77

V1 0.486 -2.13 6.11 23.26

V2 0.4707 -2.133 2.77 23.44 51.05 4.53
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run Cd   Cl  efficiency  Aero Balance (%)

150mm cut  0.557 -2.87 5.16 53

200mm cut  0.529 -2.85 5.40 53

250mm cut  0.554 -2.94 5.31 52.5

With turning vein  0.557 -3.16 5.68 53
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Runs   Cd  Cl Cd % difference Cl % difference  Aero Balance (%)Efficiency Delta

Baseline  0.532 -2.57N/A N/A 55.09 4.83N/A

V2. B 0.534 -2.58 0.38 0.27 54.08 4.82 0.00

V2.1. B 0.511 -2.31 -3.95 -10.08 55.88 4.52 -0.31

V2.2. B 0.499 -2.33 -6.20 -9.30 55.63 4.67 -0.16

V3. B 0.517 -2.43 -2.82 -5.25 62.73 4.71 -0.12

V3.1. B 0.479 -2.43 -9.96 -5.41 62.70 5.07 0.24

Final Design  0.483 -2.45 -9.21 -4.63 57.20 5.07 0.24

Final Design V2 0.481 -2.61 -9.59 1.60 57.18 5.43 0.60
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