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[bookmark: _Toc122283805]Abstract

Investigations into the way air flows around a vehicle body are to be conducted on a model of a spaceframe mini for Owens Fabrication. These investigations were carried out using validated Computational Fluid Dynamics (CFD) techniques. Initially the investigation will focus on the design and analysis of this vehicle through initial runs as well as a vehicle attitude study conducted. 
Further investigations were then conducted focusing heavily on the use of aerodynamic devices, namely rear wings, diffusers, side skirts and front splitters to help achieve reasonable balances between downforce and drag. This investigation will be based around any regulations set by Owens Fabrication, as well as any specific limitations set by Owens Fabrication. The impact of each aerodynamic device utilised was significant in affecting the aerodynamic forces observed around the vehicle. For example, the adding of a diffuser managed to decrease the coefficient lift value of the vehicle by around 35% which was a significant revelation.
[bookmark: _Hlk122282786]For the final ‘optimised run’ a coefficient of lift value of -0.34 was achieved, which was a -45% decrease in lift when compared with the initial model used, which included an attached rear wing. This was achieved with a coefficient of drag value of 0.4764, which was a 5% increase in drag. This also allowed for a centre of pressure position of 0.6m in front of the rear of the vehicle.
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1. [bookmark: _Toc122283809] Project Introduction & Relevancy

Aerodynamics is most accurately described as the science of how air flows in relation to an object, often referred to as ‘fluid dynamics’. In the motorsport world, aerodynamics plays a major role, as high- and low-pressure form around specific areas of vehicles resulting in changes in airflow and forces observed over a vehicle. Many vehicle manufacturers, teams, and designers have been looking to make breakthroughs that push and occasionally exploit regulations to gain performance advantages for years. 
This investigation will be conducted using multiple pieces of software such as Computational Fluid Dynamics (CFD) and Computer-Aided Design (CAD). CFD refers to the science of being able to predict fluid flow, heat and mass transfer, and other related phenomena. “CFD methods create a virtual reality that users may populate with anything that flows, regardless of scale” (Leer & Powell, 2010). CAD is the use of computer aided techniques to assist in the creation, modification, analysis, or optimization of a design (Sadrehaghighi, 2022). For this investigation the CFD studies will take place within ANSYS Workbench and the FLUENT CFD Solver, and any CAD will be completed in Solidworks. These will be used to create an appropriate and effective strategy for optimizing the vehicle. Initial research and validation of CFD methodology will be done using the DrivAer vehicle model, which will be explained later in this report.
Owens Fabrication, the company being worked with for this investigation, is an experienced and capable race car preparation and parts fabrication firm They specialise in car preparation, chassis design, parts fabrication and milling and turning. The (Fabrication, n.d.). owner has recently come under the ownership of a new spaceframe chassis and would like this vehicle to eventually compete in the ‘Fastest Mini in the World’ event, which takes place at Brands Hatch. (World, n.d.). 
Aerodynamic Analysis and design of vehicles is already an area with significant attention within the motorsport world, due to its importance. However, there is seemingly a gap when it comes to spaceframe chassis minis, or even classic minis in general. Several pieces of research have been done into the design of the spaceframe chassis itself. However, these go into details regarding the chassis design rather than aerodynamic analysis of a vehicle running said chassis or are for single seater project vehicles. (Marzuki, Bakar, & Azmi, 2015), (Agarwal, Awasthi, & Saatyaki, 2020). Therefore, within this project investigations will be targeted at looking at how certain aerodynamic devices and features affect this spaceframe mini model that was created. 


2. [bookmark: _Toc122283810]Project Aims & Time Chart

2.1 [bookmark: _Toc122283811]Specific Aims

· Gain a very good understanding of ANSYS/Fluent CFD software used throughout the project.
· Conduct a validation study to validate any future obtained results. This study will be conducted using the DrivAer vehicle geometry.
· Domain
· Mesh Quality/Prism Layers
· Turbulence Models
· Attitude Study
· Create a working CAD model of the Spaceframe Mini using CAD techniques.
· Conduct a vehicle attitude study using this model, as well as a justification for mesh used.
· Mesh justification – Improvements made for more accuracy and why?
· Attitude Study – Ride Height, Pitch, Yaw Investigation
· Conduct Aerodynamic Analysis using designed Aerodynamic Devices.
· Rear Wing
· Diffuser
· Side Skirts
· Front Splitter/Air Dam
· Create an ‘optimised setup’ where lift and drag are in a nice equilibrium and the centre of pressure and the centre of gravity position are as close as possible. 












2.2 [bookmark: _Toc122283812]Projected Time Chart

Figure 1 shows the Gannt Chart relating to the planned workflow for the project duration. 
[image: ]
[bookmark: _Toc122117455][bookmark: _Toc122169994][bookmark: _Toc122189046][bookmark: _Toc122200552][bookmark: _Toc122206576][bookmark: _Toc122221147][bookmark: _Toc122251964]Figure 1 - Project Gannt Chart
3. [bookmark: _Toc122283813]Literature Review

3.1 [bookmark: _Toc122283814]Fluid Mechanics Principles

3.1.1 [bookmark: _Toc122283815]CFD Methodology (Bernoulli’s, Reynolds Number, Navier-Stokes Equations)

The basic fluid mechanics principles, as described by David Alexander (Alexander, 2017), “are the continuity equation (i.e., conservation of mass), the momentum principle (or conservation of momentum) and the energy equation”. Bernoulli’s equation is also heavily linked with the fluid mechanics principles and derives itself from the ‘motion equation’. This effect can be described as “the lowering of fluid pressure in regions where the flow velocity is increased” (hyperphysics, n.d.). This is caused by increased airflow creating a decrease of pressure in a certain area. When applied to a motorsport application Bernoulli’s effect can have significant over areas of the var such as the bonnet, underside, and rear of the vehicle. 
[image: ]
[bookmark: _Toc122117456][bookmark: _Toc122169995][bookmark: _Toc122189047][bookmark: _Toc122200553][bookmark: _Toc122206577][bookmark: _Toc122221148][bookmark: _Toc122251965]Figure 2 - Bernoulli's Equation (hyperphysics, n.d.)

The speed of airflow is another factor that determines its nature. The website Science.Jrank accurately describes the speed of airflow as “a liquid or gas moving across a solid surface or, alternatively, the speed of a solid object moving through a fluid” (science.jrank, n.d.). The speed of air is also related to its viscosity, whereby, a faster moving fluid behaves in a less viscous way. Therefore, this relationship between viscosity and speed is extremely important for looking at airflow. This relationship is best observed though the Reynolds Number. This number increases for faster flows and denser fluids and is smaller for more viscous fluids. This means that air flowing round a large object will have a larger Reynolds Number than if it were flowing around a smaller object of the same shape.
[image: ]
[bookmark: _Toc122117457][bookmark: _Toc122169996][bookmark: _Toc122189048][bookmark: _Toc122200554][bookmark: _Toc122206578][bookmark: _Toc122221149][bookmark: _Toc122251966]Figure 3 - Reynolds Number (science.jrank, n.d.)
As described in detail by (simscale, 2016), CFD software ultimately operates using a set of equations known as the Navier-Stokes equations which allows for near perfect accuracy. The Navier-Stokes equations determine how velocity, temperature, pressure, and density of a fluid all behave in relation to each other. These equations are treated as coupled partial differential equations, which all need solving simultaneously, which is a key reason as to why computers are used for the solving.
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[bookmark: _Toc122117458][bookmark: _Toc122169997][bookmark: _Toc122189049][bookmark: _Toc122200555][bookmark: _Toc122206579][bookmark: _Toc122221150][bookmark: _Toc122251967]Figure 4 - Navier-Stokes Equations (simscale, 2016)

[image: ]Figure 5 taken from (Pan, Li, & Fan, 2017)  shows a basic flow chart of the CFD process. As shown the CFD process is a relatively constant loop between the problem identification, pre-processing with the geometry and meshing, the solving, and the post processing. This is done until specific goals are met, or specific results are obtained.

[bookmark: _Toc122117459][bookmark: _Toc122169998][bookmark: _Toc122189050][bookmark: _Toc122200556][bookmark: _Toc122206580][bookmark: _Toc122221151][bookmark: _Toc122251968]Figure 5 - CFD Process (Pan, Li, & Fan, 2017)

3.1.2 [bookmark: _Toc122283816]Boundary Layers, Separation and Turbulence

When looking at the principles of fluid mechanics it is important to understand boundary layers. A boundary layer, within the field of fluid mechanics, is a thin layer of gas or liquid that is in contact with a surface. Drag is defined as the resistance of air acting against an object. In relation to vehicles the main contributor in causing drag is frontal pressure. This occurs in front of the vehicle as it pushes air around itself. 
Another significant contributor in the creation of drag is a rear vacuum or ‘wake region’. This is caused by a gap of turbulent air left behind a vehicle as a result of air molecules not being able to fill an area quick enough. Turbulence is heavily reliant on both the shape and size of a vehicle rear end. For example, a large lorry would create a much larger wake and turbulent area when compared with a small hatchback travelling at the same speed. The website ‘buildyourownracecar.com’ has several very useful illustrations to help visualise these events (buildyourowncar, n.d.). 


Wang’s ‘Coupled Turbulence and Aerosol Dynamics Modelling of Exhaust Plumes Using the CTAG Model’ (Wang, 2012) provides a good insight into the creation of turbulence, as well as its creation. Rao’s ‘Turbulence and Dispersion Modelling near Highways’ (Rao, 2002) is a very useful article as it explains how turbulence is created in relation to vehicles moving at high speeds on highways, similar speeds to which the spaceframe mini for this investigation will be required to run at. 
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[bookmark: _Toc122117460][bookmark: _Toc122169999][bookmark: _Toc122189051][bookmark: _Toc122200557][bookmark: _Toc122206581][bookmark: _Toc122221152][bookmark: _Toc122251969]Figure 6 - Frontal Pressure (buildyourowncar, n.d.)
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[bookmark: _Toc122117461][bookmark: _Toc122170000][bookmark: _Toc122189052][bookmark: _Toc122200558][bookmark: _Toc122206582][bookmark: _Toc122221153][bookmark: _Toc122251970]Figure 7 - Rear Vacuum (buildyourowncar, n.d.)








Lift, or downforce, is defined as “the force generated perpendicular to the direction of travel for an object moving through a fluid” (Symscape, 2007). Wings and improvements to a vehicles floor are the most common forms of affecting a vehicles lift/downforce. When it comes to a vehicle’s underside the lower the pressure the higher the downforce. This can be obtained a number of ways, ranging from lowering the vehicle’s ride height, adding a front splitter/air dam, adding a diffuser to control the airflow existing the rear of the vehicle, and even pitching the vehicle to create a natural restriction of airflow underneath the vehicle. Figures 8 and 9, both taken from (buildyourowncar, n.d.), show how the overside and underside of a vehicle can create both positive and negative lift. 
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[bookmark: _Toc122117462][bookmark: _Toc122170001][bookmark: _Toc122189053][bookmark: _Toc122200559][bookmark: _Toc122206583][bookmark: _Toc122221154][bookmark: _Toc122251971]Figure 8 - Drag, Lift, and Downforce from over body flow (buildyourowncar, n.d.)

[image: ]
[bookmark: _Toc122117463][bookmark: _Toc122170002][bookmark: _Toc122189054][bookmark: _Toc122200560][bookmark: _Toc122206584][bookmark: _Toc122221155][bookmark: _Toc122251972]Figure 9 - Downforce Underneath Vehicle (buildyourowncar, n.d.)





3.2 [bookmark: _Toc122283817]CFD Methodology Key Stages

For this investigation Computational Fluid Dynamics (CFD) will be the primary method of use. Since its introduction, CFD has proven itself as a very powerful and readily available tool within the motorsport industry. Alex Hanson (Hanson, 2017), a design engineer at PDD, describes his experience with CFD by saying “‘I have found CFD to be very useful as it has allowed me to visualise the invisible”. 
A well renowned paper when it comes to setting up a CFD methodology is Marco Lanfrit’s paper ‘Best Practice Guidelines for Handling Automotive External Aerodynamics with Fluent’ (Lanfrit, 2005). In this paper Lanfrit carefully outlines the ideal parameters for constructing a CFD methodology from his own personal experience with the subject.

3.2.1 [bookmark: _Toc122283818]Domain Creation

A domain within a CFD simulation is the area in which the solution is to be calculated. The domain is then utilised within the meshing stage to map out a computational grid, otherwise known as a ‘mesh’, which will be capable of solving the previously mentioned fluid flow equations. “The dimensions of a computational domain depend on the type of problem: whether it is an external aerodynamic problem or an internal flow problem” (Milton Van Dyke, n.d.). For this investigation the problem to be solved involves an external flow. The aforementioned Marco Lanfrit paper (Lanfrit, 2005) has very specific views on how a domain should be setup. Lanfit suggests that the ideal length for a domain is “at least 3 car lengths in front of the car, and 5 lengths behind”. He also suggests a height and width of roughly 3 times the vehicle for the domain height and width. 

3.2.2 [bookmark: _Toc122283819]Meshing Strategy

A meshing strategy is very important within a CFD methodology as any minor changes can have significant effects to the entire simulation. The mesher used for this investigation was the ICEM CFD Mesher within ANSYS workbench. It is always important to do several runs within a CFD simulation with different mesh setups in order to determine the most accurate solution. This solution however could result in sacrificing the accuracy of a mesh for a decrease in the time taken to solve. 
The elements within the ICEM mesher that have the largest impact on the final result are the global mesh size, the individual mesh size of sections of the geometry, prism layers and the type of mesh used. For this investigation a Delaunay Mesh was preferred to an Octree mesh. As explained by CFD-Online user ‘Gert-Jan’ (Gert-Jan, 2019) A Delaunay mesh creates a mesh on the surfaces of a geometry and gradually expands outwards until the geometry it completely filled with elements. Whereas an Octree mesh creates a large cube around the geometry and splits this over and over into smaller tetrahedral elements until it reaches specified requirements (Adil_Khan, 2019).
One useful way of refining mesh in certain important areas is to use density, or refinement, boxes. Density boxes are used in order to increase mesh density in regions where it might be required, for example the wake, mirrors, and underbody (Yazdani, 2015). Therefore, when looking at aerodynamic devices and their impact on vehicle aerodynamics, it will be useful utilising density boxes. Alongside density boxes, prism layers are also used to help improve mesh accuracy. Prism layers work by smoothing out areas of mesh near boundary surfaces by providing better alignment with the flow. (Lanfrit, 2005). Lanfrit suggests using a base of 5 prism layers for his investigations. 

3.2.3 [bookmark: _Toc122283820]Turbulence Models 

The capability of CFD software to be able to model turbulent flow around a geometry is critical for the accuracy of the results provided. “Implementation of the turbulence model into the numerical scheme is substantial and makes a big difference to the simulation results” (Solmaz, 2021). Models used in CFD can vary, one popular model is the K-Omega, which is commonly used for CFD and is considered to have a good level of accuracy. However, as explained by both (Lanfrit, 2005) and (Klinzing & Sparrow, 2009) K-Epsilon models, most notably the realizable, are seen as the go-to models for external fluid dynamics due to their ability to predict turbulence and flow structures. 
Figure 10 shows a comparison of the 4 widely used turbulence models, and also outlines each of their strengths and weaknesses this includes the standard K-Epsilon model, realizable K-Epsilon model and the RNG K-Epsilon Models. Figure 10 is taken from (Gimbun, Luqman, & et, 2005).
[image: ]
[bookmark: _Toc122117464][bookmark: _Toc122170003][bookmark: _Toc122189055][bookmark: _Toc122200561][bookmark: _Toc122206585][bookmark: _Toc122221156][bookmark: _Toc122251973]Figure 10 - Turbulence Model Comparison (Gimbun, Luqman, & et, 2005)
3.3 [bookmark: _Toc122283821]Other Testing Methods

3.3.1 [bookmark: _Toc122283822]Track Testing

Along with CFD testing there are several other ways to test the aerodynamic forces on a vehicle. One of these is actual on track testing. Track testing as described in (Weingart, 2015) “are necessary in order to know how well simulation results correlate with the real-world data”. An effective way of conducting on track testing is via ‘coast down’ tests. The coast down test is frequently used for motor vehicles and consists of launching a vehicle from a certain speed with the engine not in gear, and recording the speed, and distance travelled until said vehicle stops (Preda, Covaciu, & Ciolan, n.d.). This is usually used for measuring the drag coefficient of a vehicle or for validation of the drag coefficient, but other forces can be obtained. Utilising sensors attached to a vehicle it is possible to measure wheel loads therefore measuring and changes in aerodynamic forces.

3.3.2 [bookmark: _Toc122283823]Wind Tunnel Testing

[image: Diagram

Description automatically generated]Another key method of testing vehicle external aerodynamics is with the use of a wind tunnel. The main strength of wind tunnel testing is the correlation between model results and actual on track performance. According to the Aero Performance Engineering website (Aero-Performance-Engineering, n.d.), a high-level wind tunnel is capable of measuring changes to model force of the order of 0.1% of the total forces, making them extremely accurate. This accuracy however comes with a few drawbacks, most notably the price and space required in order to operate one. Therefore, many race teams/manufacturers simply cannot afford them. Horiba MIRA notably has two state of the art climatic wind tunnels that allow customers to test their products with a wide range of wind speeds while exposed to a wide variety of global environmental conditions (Horriba-MIRA, n.d.).[bookmark: _Toc122117465][bookmark: _Toc122170004][bookmark: _Toc122189056][bookmark: _Toc122200562][bookmark: _Toc122206586][bookmark: _Toc122221157][bookmark: _Toc122251974]Figure 11 - Wind Tunnel Diagram (Chandler, n.d.)



3.4 [bookmark: _Toc122283824]Vehicle Modelling

3.4.1 [bookmark: _Toc122283825]Reference Geometries

Within the motorsport/automotive industry there are several frequently used ‘reference vehicles’. A reference vehicle/geometry refers to a vehicle model which is readily available for use within the industry for any investigations necessary. These models are very useful when it comes to any aerodynamic investigations using CFD due to their relative simplicity, and the sheer amount of previous work done surrounding them. 
One of the best known, and most simple reference geometries is the Ahmed reference body created by S.R. Ahmed in 1984 during his research on ‘Some Salient Features of the Time-Averaged Ground Vehicle Wakes’ (Ahmed, 1984). Since its introduction it has become widely used for aerodynamic simulation. “The simple geometrical shape has a length of 1.044 meters, height of 0.288 meters, and a width of 0.389 meters” (Christopher, 2015). It also has two small cylindrical legs attached to the base of the model, and a rear slanted face that falls off at 40 degrees. 
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[bookmark: _Toc122117467][bookmark: _Toc122170006][bookmark: _Toc122189058][bookmark: _Toc122200564][bookmark: _Toc122206588][bookmark: _Toc122221159][bookmark: _Toc122251976]Figure 13 - Ahmed Body Dimensions (Online, 2014)

A slightly more advanced vehicle geometry, that is also widely used within the industry, is the MIRA reference vehicle models. The MIRA reference vehicles are a group of rather simple geometries which came into fruition through work done in the early 1980s using a series of wind tunnel experiments. These models are incredibly useful due to their simplicity, as they are easy to replicate either physically or electronically as CAD models for use within CFD (Soares, 2015). The ability to be able to quickly repeat CFD investigations, due to this simplicity, and gain a good understanding of what is occurring within simulations are a significant plus point for the MIRA reference vehicle as it is an area within aerodynamics that can be time consuming with more complex geometries. 
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Some slightly more advanced and still frequently used vehicle geometries are the DrivAer vehicle models, which will be utilised for CFD validation within this investigation. The DrivAer model as described by (Mack, 2013) consists of “several exchangeable parts, such as three exchangeable rear ends, three different underbody configurations, and different wheel rim geometries”. This reference geometry, similarly, to the previously mentioned geometries, is heavily used within the field of vehicle aerodynamics. Therefore, there is a lot of previous research done surrounding these models, which becomes useful when validating and results found if doing research and CFD simulations. The DrivAer model, and its variations, can be seen below in figure 16. As shown, the DrivAer geometry has several different variants, which include a fastback, notchback, estate/wagon, a detailed floor, and a smooth floor.
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3.4.2 [bookmark: _Toc122283826]Vehicle Scanning

Before the initial modelling of the spaceframe mini was conducted it was clear that some form of scanning or modelling from pictures was going to be required in order to create a CAD model. The first of these considered forms of scanning involves using a trestle and performing a ‘contact scan’. This involves manually plotting points all across the vehicle in an x y and z plane in order to create a 3D graph capable of loading into Microsoft excel, and a model to be created from sketching out these points into CAD software.
Most 3D scanning methods are covered in an article written by (Kamani, 2020). This article reviews several commonly used 3D scanning techniques and outlines the benefits and setbacks of using each technique. The first of these is laser-based 3D scanning, which utilises trigonometric triangulation to accurately capture a 3D shape as a set of millions of points. Another option for 3D scanning is using ‘white light’ 3D scanners, which work by projecting a light pattern consisting of bars, blocks, or other shapes onto an object and creates an object from the resulting shapes. 
The final method of scanning considered for this investigation was photogrammetry. Described in detail by (Andy, 2016), the technology behind photogrammetry is actually quite simple, as it involves using multiple photographs taken from multiple angles to create a model in software. It is so simple to do that most phones with a decent enough camera can get good enough pictures for it. The only drawback of this method is that the spaceframe mini being used for this investigation just a chassis at this stage. Eventually none of these methods ended up being chosen, and a surface modelling within CAD method was chosen.

[bookmark: _Toc122283827]3.4.3 Surface Modelling

Surface modelling is a mathematical method provided within CAD software for displaying solid appearing objected. Surface modelling makes it possible for the user to look at a specific object at certain angles to formulate a solution (technopedia, n.d.). Quite simply put a surface model is created using multiple surfaces all connected together with the eventual outcome of creating a solid model. These models are created using several pictures of the desired object, which is the mini in this case. These pictures required are front, back, top, and bottom views of said object. The pictures used for the modelling done in this investigation are below. These had to be carefully placed on to planes so that they lined up with the overall dimensions of a mini, this was crucial so that the model could be as accurate as possible. 
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[bookmark: _Toc122117471][bookmark: _Toc122170010][bookmark: _Toc122189062][bookmark: _Toc122200568][bookmark: _Toc122206592][bookmark: _Toc122221163][bookmark: _Toc122251980]Figure 17 - Mini Top, Side, Back, Front (Fabrication, n.d.).

Figure 17 shows the pictures used for the surface modelling of the spaceframe. However, this was not quite enough as the spaceframe mini itself is slightly different to the pictures shown. Therefore, several pictures from the internet, as well as photographs of parts of the vehicle were needed in order to complete this modelling and make it as accurate as possible, these can be seen below. 
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[bookmark: _Toc122117472][bookmark: _Toc122170011][bookmark: _Toc122189063][bookmark: _Toc122200569][bookmark: _Toc122206593][bookmark: _Toc122221164][bookmark: _Toc122251981]Figure 18 - Spaceframe Mini Front (reference picture) (racecarsdirect, n.d.)
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Figures 20 and 21 show pictures taken of the front end to be used on the spaceframe. These pictures, along with measurements taken, were useful in slightly changing the front end from what is seen in figure 17 most notably that of the large block required to house the engine. 








3.5 [bookmark: _Toc122283828]Aerodynamic Devices

Aerodynamic devices can have a significant effect on the forces observed over a vehicle. Figure 22, taken from (Flegl & Singer, 1998) below shows how a vehicle’s front and rear axle lift is affected by adding aerodynamic devices. As shown, this difference is rather large, especially at higher speeds, where a vehicle without aerodynamic devices attached is subjected to significantly more force. 
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[bookmark: _Toc122189067][bookmark: _Toc122200573][bookmark: _Toc122206597][bookmark: _Toc122221168][bookmark: _Toc122251985]Figure 22 - Aerodynamic Devices Effect (Flegl & Singer, 1998)

3.5.1 [bookmark: _Toc122283829]Centre of Pressure and Centre of Gravity Relationship

Before discussing aerodynamic devices and their effects on the aerodynamic forces observed on a vehicle it is first important to understand the relationship between the centre of gravity position and the centre of pressure position. The centre of gravity is best described as the centre of mass of a vehicle, where all its components, weight and forces act effectively (carsblog, n.d.). The centre of pressure is best described as the area where all the aerodynamic forces acting upon the vehicle effectively acts. 
A YouTube video from Engineering Explained (Explained, 2015) nicely explains how centre of pressure and centre of gravity position has an effect on how a vehicle behaves, and also which aerodynamic devices can have an effect on adjusting the centre of pressure position. Figure 23, 24 and 25 are taken from this video and are to show this relationship. 
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[bookmark: _Toc122170015][bookmark: _Toc122189068][bookmark: _Toc122200574][bookmark: _Toc122206598][bookmark: _Toc122221169][bookmark: _Toc122251986]Figure 23 – Understeer (Explained, 2015)

Figure 23 shows the centre of pressure position being behind the centre of gravity position, therefore the rear end/axle of the vehicle being subjected to more load. This from a handling perspective would create understeer characteristics for a vehicle as the front tyres do not have enough grip. 
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[bookmark: _Toc122170016][bookmark: _Toc122189069][bookmark: _Toc122200575][bookmark: _Toc122206599][bookmark: _Toc122221170][bookmark: _Toc122251987]Figure 24 – Oversteer (Explained, 2015)

Figure 24 shows a centre of pressure position being in front of the centre of gravity, therefore meaning that more load is on the front end/axle of the vehicle. This therefore results in oversteer characteristics as the rear of the vehicle has less grip. 
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[bookmark: _Toc122170017][bookmark: _Toc122189070][bookmark: _Toc122200576][bookmark: _Toc122206600][bookmark: _Toc122221171][bookmark: _Toc122251988]Figure 25 – Neutral (Explained, 2015)
Figure 25 shows a centre of pressure position being roughly in the same place as the centre of gravity position. This means that the load on the vehicle caused by aerodynamic forces is acting in the same place as the centre of gravity. This results in a neutral behaviour of the vehicle, so is has no real effect or cause for any over or understeer. This is caused by an even distribution of both pressure and cornering load as the vehicle goes round the corner. However, the centre of pressure position can change depending on vehicle speed and depending on any weight distribution changes. 
According to several forums this centre of gravity position can vary on classic minis, however a rough estimate of where it would be is around 0.75m back from the middle of the rear wheel. This therefore means that it is likely to sit about 0.25m forwards from the centre of the vehicle. 


3.5.2 [bookmark: _Toc122283830]Rear Wings

One of these devices that can be used to both change the centre of pressure position and, in turn, change the lift and drag values observed by a vehicle, is a rear wing. The goal of a rear wing it to deflect oncoming airflow, which in theory should also push the rear end of the vehicle towards the ground. As explained by (Groote, Rear Wing Aerodynamics, 2003) about a third of a car’s total downforce can come from the rear wing assembly. As air flows over a wing, it is disturbed by its shape, which causes both downforce as the wing pushes downwards, but can also cause drag, which can disrupt a vehicle’s top speed. A rear wing adds force over the back end of the vehicle, which pushes the centre of pressure position backwards towards the rear of the vehicle.
One example of an industry within motorsport that has adopted an interesting system for rear wings is DTM. As described by (Thukral & Haidinger, What's the deal with the new rear wings in DTM?, 2020) the rather strange design approach taken by DTM teams for their large rear wings is actually because of safety concerns. Figure 26 shows this unorthodox approach to mounting and positioning the rear wing. It is understood that this is in fact the ‘HYLO’ (High Yaw Lift-Off) developed by Audi, which is designed to reduce aerodynamic lift in the event of an accident. The carbon fibre attachment acts as a rudder and pushes the vehicle downwards when subjected to any opposing forces. 
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3.5.3 [bookmark: _Toc122283831]Front Air Dams and Splitters

Air dams and splitters are two devices that are often used in tandem with each other and can both have massive effects on aerodynamic forces and the centre of pressure position. Air dams are attached to the front of a vehicle and are designed to improve a vehicle’s efficiency by reducing drag. This works by redirecting airflow around the vehicle, which restricts the amount of air able to flow underneath (Tihana, 2022). 
As explained a splitter usually works in tandem alongside an air dam, and is essentially a small lip, or ‘leading edge’ on the front of a vehicle, which is parallel, or as close to parallel as it can be. A front splitter works by keeping any high pressure above the vehicle. This high pressure can also act on the splitter by pushing it downwards, causing both downforce and a significant change in centre of pressure. (CarBikeTech, 2018)

3.5.4 [bookmark: _Toc122283832]Diffusers

The purpose of a diffuser is to create an area of increasingly larger air volume underneath a vehicle. The shape of a diffuser allows for fast moving air forced underneath a vehicle to expand as it hits the rear end. This means that with this fast-moving area moving into more space, more downforce is created. Diffusers are usually utilised with other devices such as the splitter and air dam combination, and also side skirts. 
One interesting piece of literature on motorsport diffusers is former Head of Aerodynamics at Ferrari F1 (Toet, 2017) explaining the fundamental principles behind diffusers in the motorsport world. He goes on to explain how “Combining the diffuser and the floor ahead of it gives the most efficient aerodynamic device on most racing cars”. He also specifically mentions the effects of ‘ground effect’ and also explains the importance of diffuser angle in relation to ride height, where he states that “A high angle diffuser will have peak (downforce generating) performance at higher ride heights while a lower angle diffuser will perform best at lower ride heights”. This will be useful information when looking into the underbody aerodynamic devices in this investigation. 


3.5.5 [bookmark: _Toc122283833]Side Skirts

Side skirts are usually used in combination with air dams, front splitters, and diffusers. They work by preventing high pressure air from moving underneath the vehicle and trapping in any air already under the vehicle from seeping out the sides. They are located on either side of the car between the wheels and are usually as close to the ground as possible. Figure 27 taken from (Wright, 1983) shows how negative lift increases with a decreasing gap between the side skirts and the ground of a vehicle. This will be very important in the later stages of this investigation as side skirts will be used to help improve the aerodynamics of the spaceframe Mini.
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[bookmark: _Toc122170019][bookmark: _Toc122189072][bookmark: _Toc122200578][bookmark: _Toc122206602][bookmark: _Toc122221173][bookmark: _Toc122251990]Figure 27 - Side Skirt Gap vs Lift Coefficient (Wright, 1983)
4. [bookmark: _Toc122283834]Vehicle Model & Design

4.1 [bookmark: _Toc122283835]The Spaceframe Mini

A spaceframe chassis is made from aluminium or steel tubes integrated together with triangulation, which is used to increase the tortional rigidity of the chassis. These chassis are often chosen over traditional monocoque chassis because the production/manufacturing is cost effective and requires simple tools. They are also rather reparable if any damages occur. Therefore, they are a strong chassis type, which is capable of handling powerful engines, whilst keeping the weight of the vehicle as low as possible. (Fabrication, n.d.) (Wilson, 2019).
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[bookmark: _Toc122170020][bookmark: _Toc122189073][bookmark: _Toc122200579][bookmark: _Toc122206603][bookmark: _Toc122221174][bookmark: _Toc122251991]Figure 28 - Spaceframe Chassis (Fabrication, n.d.)


4.2 [bookmark: _Toc122283836]Initial Model Created 

As explained earlier in 3.4.3 surface modelling was chosen as the method for model creation for this investigation. It was also explained in this chapter that several reference pictures/photos were also used for the creation of the model. One other useful resource that assisted with the modelling was YouTube tutorials. Several tutorials were found, which had detailed run throughs of how to complete a full surface model of a vehicle all the way from reference pictures to a full solid model. One of the tutorials used for assistance in learning Solidworks surface modelling was (Designs, 2017), where said channel models a tesla model S from scratch using surface modelling and describes any issues and how they were resolved in a very helpful manner. The next couple of pages of this report will be pictures of stages within the process of the model creation, with some explanations when necessary. 
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Figure 29 shows the start of the surface modelling using reference pictures. Each reference picture was set to a specific height/width/length, to accurately map out the dimensions of the mini. This stage was very much a ‘trial and error’ stage of the process as many areas had to be adjusted early on as they would have had lasting impacts on the rest of the model creation. 
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[bookmark: _Toc122170023][bookmark: _Toc122189076][bookmark: _Toc122200582][bookmark: _Toc122206606][bookmark: _Toc122221177][bookmark: _Toc122251994]Figure 31 - Mini Model Process (3)

Figure 31 shows the final solid model created once the surface modelling had been completed. Again, this step was not straight forward as individual surfaces required knitting together in order to get rid of any holes in the geometry, or any overlaps or gaps in the geometry once it had been mirrored. This model was used for a few CFD runs early in this investigation just to gain a grasp of the forces created upon this model, and also to better understand and prepare a meshing strategy for the full model. 
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[bookmark: _Toc122170024][bookmark: _Toc122189077][bookmark: _Toc122200583][bookmark: _Toc122206607][bookmark: _Toc122221178][bookmark: _Toc122251995]Figure 32 - Mini Model Final (Used for Attitude Study)

Figure 32 shows the final model which was used for the vehicle attitude study for the Mini. A basic wing was attached at the time, and mirrors, wheels and also the bonnet raise were added. These were added to represent the spaceframe mini geometry more precisely. When compared with a traditional drag value of between 0.4 and 0.42 for a classic mini, this model will show slightly higher values, mostly down to its slightly increased frontal area due to the engine box.
5. [bookmark: _Toc122283837]CFD Validation Study (DrivAer Vehicle)


Before any CFD could be conducted on the spaceframe Mini model a CFD validation study was required to gain an understanding and confidence of the CFD procedure withing ANSYS Workbench/Fluent. This validation assessment will determine whether the computational simulation set up using a specific CFD methodology agrees with physical reality and logical sense. This validation study will be in part taken from some of the previous work done the author of this report.

5.1 [bookmark: _Toc122283838]Design of Experiment Approach (DrivAer)

5.1.1 [bookmark: _Toc122283839]Methodology and Initial Results 

The domain set up for this study was selected using Lanfrit’s ‘3 in front 5 behind’ approach (Lanfrit, 2005). This meant that the domain in this case was roughly 12-13m in front of the vehicle, and 20m behind it, as well as being 5.94m high and 5.4m wide. The mesh for this study was also done by utilising density boxes to refine areas such as the wheels, front, underside, and wake region of the vehicle. For a large majority of the simulations done using the DrivAer vehicle, the Notchback model was used. The initial results obtained from the DrivAer Notchback model were a coefficient of drag value of 0.239 and a coefficient of lift value of 0.06, with a velocity of 40m/s used. 
A few other investigations were also conducted using this model. For example, investigations into the two different mesh types, polyhedral or tetrahedral mesh, within the FLUENT Solver were conducted. The results from this investigation can be shown below. 
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[bookmark: _Toc122170025][bookmark: _Toc122189078][bookmark: _Toc122200584][bookmark: _Toc122206608][bookmark: _Toc122221179][bookmark: _Toc122251996]Figure 33 - Tetrahedral vs Polyhedral Mesh (FLUENT)

As shown the results indicate that both the tetrahedral and the polyhedral mesh were very similar, and this was certainly the case. However, these results do not tell the full story, as the key difference came from the convergence time. The convergence time is essentially the time the FLUENT Solver takes to ‘converge’ on a result. The polyhedral mesh solved in just under 2 hours, with around 500 iterations, whereas the tetrahedral mesh took 1100 iterations, and more than double the time. This result can be backed up by the work of (Spiegel, 2011), where he states, “Polyhedral meshes are preferred for cerebral aneurysm CFD simulations due to their advantages concerning better convergence, shorter CT (Convergence Time) and high accuracy’. 

5.1.2 [bookmark: _Toc122283840]3 Model Comparison

As shown in 3.4.1 the DrivAer model consists of 3 individual models/model set ups, and a detailed and smooth underbody variant. Therefore, simulations for both the Fastback and the Estate model were required, so they could be compared against literature for validation of the methodology. 
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Figures 34 and 35 show the difference in the coefficients of drag and lift observed between all 3 models. The fastback model sees the least drag (0.22 CD) and the most lift (0.08 CL). The estate model, as predicted saw the largest drag value (0.26 CD) and actually produces some downforce (-0.05 CL). However, despite these results obtained being as expected, they were still slightly off from results found in literature, as shown below.
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As shown in Figure 36 the results obtained (blue) followed the same trends as the two pieces of literature found (orange & grey), however were consistently slight lower than the results found in literature (Cobrein, n.d.) (Heft, 2013). The reason for this difference was because of the use of a smoothed underbody, whereas the results taken from literature utilised a detailed underbody. Therefore, the fastback model was then tested again using a detailed underbody which can be seen back in Figure 16. As shown in Figure 37, the detailed underbody resulted in a coefficient of drag value which was right in the middle of the two sources. This shows how the methodology used was accurate, and the slight difference only occurred due to the difference in the underbody. 
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[image: ]
[bookmark: _Toc122170030][bookmark: _Toc122189083][bookmark: _Toc122200589][bookmark: _Toc122206613][bookmark: _Toc122221184][bookmark: _Toc122252001]Figure 38 - Pressure Distribution Across All 3 Models
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Figure 38 shows the distribution of pressure across all 3 vehicles obtained in this investigation. The pressure distribution essentially has vehicle length along the X axis and pressure along the Y axis. Therefore, it can be useful for seeing exactly where any high or low pressure is being formed over/under a vehicle. Figure 39 is a set of results taken from (James, 2018) of the upper surfaces of all 3 DrivAer models. As shown the results obtained and the results taken from literature have very similar trends, therefore backing up the methodology used.



6. [bookmark: _Toc122283841]Mini Vehicle Attitude Study

6.1 [bookmark: _Toc122283842]Design of Experiment Approach (Mini)

Each CFD simulation done surrounding the Mini model were conducted with parameters laid out by both research, the DrivAer validation study, and initial simulations done. These settings/parameters were kept the same throughout the entire investigation in the interest of maintaining consistency and insuring no outside influence could affect each run. As stated previously, any base settings used were heavily based on work done by (Ahmed, 1984) and (Lanfrit, 2005). The base settings used for this investigation can be seen below.
	Parameter
	Value

	 
	 

	Domain
	 

	Domain Height
	2.5x Vehicle Height

	Domain Width
	2.5x Vehicle Width

	Domain Length 
	8 Vehicle Lengths (3 in front 5 behind)

	Method Used 
	Boolean Subtraction

	Mesh
	 

	Global Element Size 
	0.75

	Vehicle Body Element Size
	0.03m

	Wheel Element Size 
	0.01m

	Aerodynamic Devices Element Size
	0.02m 

	Prism Layers Used (not on wheels)
	5

	Density Box Element Size (Vehicle + Wake)
	0.075m

	Density Box Element Size (Underside and Rear Wing)
	0.03m

	Number of Density Boxes
	3

	Position of Density Boxes
	Underside, Rear Wing, Overall Vehicle + Wake

	Solver Settings
	 

	Mesh Type Used
	Polyhedral Mesh

	Turbulence Model Used
	K-Epsilon Realizable (Non-Eq Wall)

	Boundary Conditions
	Moving floor & Wheels

	Inlet Velocity
	30 m/s

	Pressure-Velocity Coupling Scheme 
	Coupled

	Pressure Discretisation
	Standard

	Flow Courant Number
	50

	Momentum Relaxation Factor 
	0.25

	Pressure Relaxation Factor
	0.25

	Plotting
	Coefficient of Drag & Lift



Table 1 - Parameters Used
6.2 [bookmark: _Toc122283843]Attitude Study

Using these aforementioned parameters, a vehicle attitude study was then conducted using the Spaceframe Mini design shown earlier in 4.2. This was done to show how things like ride height, vehicle pitch, and yaw can have an effect on the balance and aerodynamic forces observed over a vehicle. An initial run without any ride height, pitch, or yaw added had to initially be done for comparison. This run produced a drag value of 0.475, a lift value of -0.204, and a centre of pressure of 0.21m from the rear of the vehicle (just in front of the rear wing).

6.2.1 [bookmark: _Toc122283844]Ride Height Investigation

The first of these investigations conducted was a vehicle ride height study. Ride height is a term used to explain the distance between the base of a vehicle and the ground. By adjusting a vehicle’s suspension and aerodynamic characteristics this ride height can be adjusted. Within the motorsport industry, changing of the ride height is done to both assist aerodynamics and also to adjust the centre of gravity position. As explained by (Groote, 2002), “having a low ride height is desirable for a number or reasons”. The main reason for the lowering of a vehicle’s ride height is to allow for an increase in a car’s downforce without any real significant changes in drag. Another reason for the importance of ride height is due to an effect known as ‘ground clearance’. As explained by (Flegl & Singer, 1998) ground effect uses the airflow between the road surface and the vehicle underbody to create downforce. Ground effect was used for the first time in Formula 1 racing cars in the so called ‘wing cars’ as shown in Figure 40, which is a photograph taken by W. Wilhelm in 1977 (Flegl & Singer, 1998). Figure 41 taken from (Larsson, Nilsson, & et al, 1989), shows the set-up of this underbody ‘ground effect’ formula 1 car. 
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[bookmark: _Toc122189085][bookmark: _Toc122200591][bookmark: _Toc122206615][bookmark: _Toc122221186][bookmark: _Toc122252003]Figure 40 - Formula 1 Lotus 79 Photo (Flegl & Singer, 1998)
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[bookmark: _Toc122189086][bookmark: _Toc122200592][bookmark: _Toc122206616][bookmark: _Toc122221187][bookmark: _Toc122252004]Figure 41 - Schematic View of the Underbody of a 'Ground-Effect' Formula 1 Car (Larsson, Nilsson, & et al, 1989)

Before the ride height investigation was conducted it was important to know what the ride height of the model created is. This was measured to be 57mm, or 37 mm once the domain has been put in place. It was then decided that several different ride heights, both larger and smaller than the initial ride height, would be investigated. The values chosen were +20mm, +40mm, -10mm, -20mm, and -25mm. However, the result incurred from the -25mm was a slight anomaly that will be explained later in this section. 
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[bookmark: _Toc122189087][bookmark: _Toc122200593][bookmark: _Toc122206617][bookmark: _Toc122221188][bookmark: _Toc122252005]Figure 42 - Ride Height VS Coefficient Drag

Figure 42 shows the coefficient of drag values for each ride height setup. As shown the lowest drag value was observed with the +40mm ride height run (0.474) and the highest drag was observed with the -25mm run (0.496). As explained by (Groote, 2003), the results obtained by this investigation match with what is expected, as drag should naturally slightly increase as a vehicle’s ride height is lowered due to a subsequent increase in downforce. However, as shown in Figure 43 this was not the case with the -25mm run, as the downforce actually decreased. This was important to show, as there is always a specific point where lowering a vehicle has a negative impact, due to the air under the vehicle effectively being pinched. This pinching action occurs when the vehicle is too close to the ground and not as much air can get underneath, this can be observed in Figure 44, where there is a clear decrease in the velocity of the air moving underneath the vehicle as it gets pinched against the ground. This can be seen as in the very small gap underneath the vehicle the colouration changes from the fast-moving blue air to a red/yellow colour.
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[bookmark: _Toc122189088][bookmark: _Toc122200594][bookmark: _Toc122206618][bookmark: _Toc122221189][bookmark: _Toc122252006]Figure 43 - Ride Height VS Coefficient Lift (Anomaly)
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[bookmark: _Toc122189089][bookmark: _Toc122200595][bookmark: _Toc122206619][bookmark: _Toc122221190][bookmark: _Toc122252007]Figure 44 - Underside Pinching (Ride Height)


Figures 45 shows the results of the ride height investigation lift values with the anomalous result taken out. As shown, there is a steady decrease in lift, or increase in downforce, as the vehicle is lowered closer to the ground. 
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[bookmark: _Toc122189090][bookmark: _Toc122200596][bookmark: _Toc122206620][bookmark: _Toc122221191][bookmark: _Toc122252008]Figure 45 - Ride Height VS Coefficient Lift (Updated)

Another factor to consider when looking at these changes in drag and lift, is to look at the previously mentioned centre of pressure position. This can be seen below in Figure 46, where the centre of pressure position moves further back as the vehicle is lowered closer to the ground, and then moves further forward as the vehicle’s ride height is increased. The values here are taken as a measurement from the rear of the vehicle, and as discussed earlier the centre of gravity position is roughly 0.75m back from the centre of the front wheel, so roughly 1.7m in front of the rear of the vehicle. Therefore the 0.416m in front of the back of the vehicle observed during the +40mm ride height run is the closest to the centre of gravity, however this run from an aerodynamic view, was the least successful in creating downforce, as shown in Figure 45 (-0.19 compared with the -0.22 observed at -20mm). 
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[bookmark: _Toc122189091][bookmark: _Toc122200597][bookmark: _Toc122206621][bookmark: _Toc122221192][bookmark: _Toc122252009]Figure 46 - COP (From Rear of Vehicle) VS Ride Height
6.2.1.1 Ride Height Comparison (Lowest Against Highest)
For this results comparison pressure contours for both drag and lift were taken for both the -20mm run and the 77mm run. This was done in order to try and see where this difference in drag and lift occurs. Figures 47 and 48 show the drag observed at the front of the vehicle (where the majority of the drag occurred) for both runs. As shown the only real difference observed is a slightly redder coloured front end in certain areas in the -20mm run. These red areas are areas of high drag inducing force. This backs up the graph shown in Figure 42, where the drag is slightly higher for the lower ride heights. 
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[bookmark: _Toc122200598][bookmark: _Toc122206622][bookmark: _Toc122221193][bookmark: _Toc122252010]Figure 47 - Mini Drag Force Contours -20mm Ride Height
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[bookmark: _Toc122200599][bookmark: _Toc122206623][bookmark: _Toc122221194][bookmark: _Toc122252011]Figure 48 - Mini Drag Force Contours +40mm Ride Height







Figures 49 and 50 show the lift force observed on the underside of the vehicle for the same two case. As shown, there is a significant difference between these results. Figure 49 shows how the closer the vehicle gets to the ground, the more negative lift is observed underneath the vehicle, with the dark blue areas showing the largest values of this force. 
[image: ]
[bookmark: _Toc122200600][bookmark: _Toc122206624][bookmark: _Toc122221195][bookmark: _Toc122252012]Figure 49 - Mini Lift Force Contours Underneath Vehicle -20mm Ride Height
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[bookmark: _Toc122200601][bookmark: _Toc122206625][bookmark: _Toc122221196][bookmark: _Toc122252013]Figure 50 - Mini Lift Force Contours Underneath Vehicle +40mm Ride Height











6.2.2 [bookmark: _Toc122283845]Pitch Investigation 

The second vehicle attitude study conducted was a pitch study. Pitch is best described as the rotation of a vehicle about the transverse axis. (Zhang, Yang, & et al, 2018) suggests that as the pitching angle increases the drag force increases and the lift force decreases. A vehicle’s downforce is also largely supplied by the front and rear wings/splitters. As the pitching angle increases the lift force provided by these devices gradually decreases, in other words increasing the downforce of the vehicle.
The pitching moment of a vehicle, and the design of the front end, can have a serious impact on drag and lift values observed. Figure 51 is taken from (Gilhaus & Hoffmann, 1998) and depicts the effect of the basic shape configuration on pitching moment and lift. Figure 52 is taken from (Flegl & Singer, 1998) and shows how if a vehicle’s tip is relatively high off the ground, the lift on the front axle is high since positive pressure can build up underneath it. By lowering the front of the vehicle negative lift is created. 
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[bookmark: _Toc122200602][bookmark: _Toc122206626][bookmark: _Toc122221197][bookmark: _Toc122252014]Figure 51 - Influence of Stagnation Point Position and Flow Separation Height on Pitching Moment and Lift
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[bookmark: _Toc122200603][bookmark: _Toc122206627][bookmark: _Toc122221198][bookmark: _Toc122252015]Figure 52 - Front End Position Relationship with Lift and Drag on the Front Axle


Initially for the pitch investigation only the static vehicle, a negative one-degree pitch, and a positive one-degree pitch were conducted. However, after doing these it was clear that more focus was needed on the positive pitch end, where the vehicle is lowered at the front and higher at the rear. Therefore, several other studies were done to see the effects of pitching the vehicle forwards more accurately, these included 0.6 degrees, 0.8 degrees, and 1.2 degrees. 
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[bookmark: _Toc122200604][bookmark: _Toc122206628][bookmark: _Toc122221199][bookmark: _Toc122252016]Figure 53 – Pitch Angle VS Coefficient Drag

As shown in figure 53 the coefficient of drag value rapidly increased once the car got further angled downward at its front end. For example, from the base no pitch run a drag value of 0.475 was observed, this value increased to 0.508 with a forward pitch of 1.2 degrees, which is a 6% increase in drag. 
Figure 54 shows the coefficient of lift value change against the pitch of the vehicle. As shown the lift moves in an opposite way to the drag, in that it decreases as the vehicle is pitched forward. This is backed up by the work of (Zhang, Yang, & et al, 2018) mentioned earlier in this section. This lift however starts to stagnate around 1 degree of forward pitch, as shown with the difference between 1 degree of pitch and 1.2 degrees of pitch (-0.2141 and -0.2105). This is likely caused by a similar phenomenon as to what occurred within the ride height investigation, whereby the front of the vehicle is causing a pinching effect, causing a stagnation in the lift value. The centre of pressure position also ever so slightly more backwards as the vehicle is pitched forwards, as shown in Figure 55.
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[bookmark: _Toc122200605][bookmark: _Toc122206629][bookmark: _Toc122221200][bookmark: _Toc122252017]Figure 54 - Pitch Angle VS Coefficient Lift
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[bookmark: _Toc122200606][bookmark: _Toc122206630][bookmark: _Toc122221201][bookmark: _Toc122252018]Figure 55 - Pitch Angle VS Centre of Pressure










Figure 56, 57 and 58 show the difference at the front end of the vehicle between the air velocity with no pitch, negative pitch (-1 degree) and positive pitch (+1 degree). As shown the airflow velocity changes significantly when the vehicle is both pitched forwards and backwards, most notably with the airflow underneath the pitched forward run. 
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[bookmark: _Toc122206631][bookmark: _Toc122221202][bookmark: _Toc122252019]Figure 56 - Negative Pitch (Up at Front) Air Velocity Post Processing
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[bookmark: _Toc122206632][bookmark: _Toc122221203][bookmark: _Toc122252020]Figure 57 - No Pitch Air Velocity Post Processing
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[bookmark: _Toc122206633][bookmark: _Toc122221204][bookmark: _Toc122252021]Figure 58 - Positive Pitch (Down at Front) Post Processing





Below in Figures 59, 60 and 61 are the contour plots of the lift force on the underside of the vehicle for each of these setups. As shown here pitching the vehicle forward again has the largest impact on creating negative lift, which explained previously is the blue sections. 
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[bookmark: _Toc122206634][bookmark: _Toc122221205][bookmark: _Toc122252022]Figure 59 - Negative Pitch Lift Force Contours
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[bookmark: _Toc122206635][bookmark: _Toc122221206][bookmark: _Toc122252023]	Figure 60 - No Pitch Lift Force Contours	
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[bookmark: _Toc122206636][bookmark: _Toc122221207][bookmark: _Toc122252024]Figure 61 - Positive Pitch Lift Force Contours




One last set of results that was obtained via the pitch investigation was to show where the pinching of airflow starts to happen for the Mini being pitched forwards. The results shown below are the velocity contours of the vehicle being pitched 0.8, 1, and 1.2 degrees forwards, as shown the airflow gets gradually more restricted as the front end of the vehicle gets closer to the ground.
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[bookmark: _Toc122206637][bookmark: _Toc122221208][bookmark: _Toc122252025]Figure 62 - 0.8 Degree Pitch Velocity Contours
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[bookmark: _Toc122206638][bookmark: _Toc122221209][bookmark: _Toc122252026]Figure 63 - 1 Degree Pitch Velocity Contours
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[bookmark: _Toc122206639][bookmark: _Toc122221210][bookmark: _Toc122252027]Figure 64 - 1.2 Degree Pitch Velocity Contours






6.2.3 [bookmark: _Toc122283846]Yaw Investigation

The final attitude investigation conducted was a yaw study. Yaw is most commonly defined as a vehicle’s rotation about the vertical axis. Yawed airflow conditions are caused by side wind and during turning. The side wind and airflow caused by the vehicle both combine to create a ‘yawed airflow’ which is not parallel to the driving direction. The resulting yawed airflow according to (Flegl & Singer, 1998) normally causes an increase in drag and a decrease in downforce. This can be shown in Figure 65 where the coefficient of lift and drag values both increase as the yawing angle increases. 
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[bookmark: _Toc122206640][bookmark: _Toc122221211][bookmark: _Toc122252028]Figure 65 - Effect of Yawed Airflow on Vehicle Drag and Lift

For every previous investigation done within this vehicle attitude study, the vehicle was split in half by the domain, and then any results were mirrored to the other side. This was due to these previous investigations being done in a straight line. For this investigation a full car model had to be used, and also a slightly different, not as effective, mesh. This is because if the same settings were used on the full car model, the solve time would have been ridiculously high. There was also an issue with applying the 5 prism layers to the full car model, this coupled with the weaker mesh, meant that the results were slightly off from expected. However, despite this hopefully the trend of increased drag and lift values could be seen as shown in Figure 65. For this investigation a simple 1 degree left and 1 degree right was used as the yaw investigation. These were to be compared against a coefficient of drag value of 0.488 and a coefficient of lift value of -0.145 obtained from the full car run with no yaw. As shown with figures 66 and 67 this increase in both drag and lift was observed. In this case -1 degree yaw angle was rotated to the right, and 1 degree yaw angle was rotated to the left. Overall, the values of drag and lift were pretty much identical for yawing the vehicle either way, which was as to be expected. The value of drag increased by 5% from 0.488 to 0.515, and the value of lift increased by 42% from -0.145 to -0.085.
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[bookmark: _Toc122206641][bookmark: _Toc122221212][bookmark: _Toc122252029]Figure 66 - Yaw Angle VS Coefficient Drag
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[bookmark: _Toc122206642][bookmark: _Toc122221213][bookmark: _Toc122252030]Figure 67 - Yaw Angle VS Coefficient Lift



Figures 68 and 69 show this decrease in downforce observed by the yawed vehicle compared with the un-yawed vehicle, and Figures 70 and 71 show the lift over the top of the yawed and un-yawed vehicle. Most of this lift change seems to have occurred due to the underside, and also ever so slightly due to the change in wind direction hitting the rear wing. 
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[bookmark: _Toc122221214][bookmark: _Toc122252031]Figure 68 - Underside Lift Force Contours of Yawed Vehicle
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[bookmark: _Toc122221215][bookmark: _Toc122252032]Figure 69 - Underside Lift Force Contours of Un-Yawed Vehicle
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[bookmark: _Toc122221216][bookmark: _Toc122252033]Figure 70 - Over body Lift Force Contours of Yawed Vehicle
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[bookmark: _Toc122221217][bookmark: _Toc122252034]Figure 71 - Over Body Lift Force Contours of Un-Yawed Airflow
7. [bookmark: _Toc122283847]Changing of the Rear Wing

7.1 [bookmark: _Toc122283848]New Wing Design

It was decided at this stage of the overall investigation that a new wing was required. This was due to the original wing, that was used for the attitude study, being inaccurate. One main reason for this inaccuracy was that the wing being used did not incorporate any ‘wing twist’. Wing twist is essentially what the name suggests, a twisting of the wing. This is done to improve downforce and also enhance aerodynamic efficiency (Marques, 2012). Therefore, contact was made with the owner of Owens Fabrication in an attempt to gain information and pictures needed to help model a new wing. Pictures and measurements of the wing were sent across and a model was built. Some of these pictures send across are below.
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[bookmark: _Toc122221218][bookmark: _Toc122252035]Figure 72 - Proper Wing Picture (1)
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[bookmark: _Toc122221219][bookmark: _Toc122252036]Figure 73 - Proper Wing Picture (2)

Figure 74 shows this new wing model, this was designed to be as close as possible to the real wing, including the added wing twist, and as close to possible dimensions. This model was also attached to the all-around assembly using 4 brackets, which is different to the old wing which was attached in two places.
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[bookmark: _Toc122221220][bookmark: _Toc122252037]Figure 74 - New Rear Wing Model


7.2 [bookmark: _Toc122283849]Wing Validation Comparison Investigation 

Before a rear wing investigation could be conducted it was important to first check that this wing worked, the way it was supposed to. In order to do this a comparison investigation against the previous wing design was required for validation. It was quite likely that the results from this investigation in terms of values obtained for lift, drag, and centre of pressure, would be slightly different from the values obtained by the old wing. Therefore, the aim of this validation was to show that it followed any trends set by the previous wing. This would be achieved by a basic ride height attitude study comparison, where each wing would be tested at -20mm and +20mm ride height, and ideally both show the same/similar trends. As shown with the pictures below, this was the case. The Drag values of the new wing were slightly lower than with the old wing, for example with both wings running with a 37mm ride height there was a difference of around 0.025 drag coefficient (0.479 compared with 0.454). The lift value was also decreased slightly with this new wing design. Using the same run again (37mm ride height) the lift coefficient was decreased from -0.204 to -0.229. The centre of pressure was also slightly further forward with this new model as shown below. 
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[bookmark: _Toc122221221][bookmark: _Toc122252038]Figure 75 - Ride Height VS Drag Coefficient - Wing Comparison Investigation
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[bookmark: _Toc122221222][bookmark: _Toc122252039]Figure 76 - Ride Height VS Lift Coefficient - Wing Comparison Investigation
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[bookmark: _Toc122221223][bookmark: _Toc122252040]Figure 77 - Ride Height VS Centre of Pressure - Wing Comparison Investigation
8. [bookmark: _Toc122283850]Rear Wing Investigation

An investigation into the effects of changing the wing position, and the wing angle, were conducted. The first of these investigations was a wing height study, the second was a horizontal position study, and the third was a wing angle study. Before doing this study, it was important to look at the post processing results for the default wing position used, as this would be used for comparison. 
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[bookmark: _Toc122221224][bookmark: _Toc122252041]Figure 78 - Pressure Across the Vehicle - New Wing
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[bookmark: _Toc122221225][bookmark: _Toc122252042]Figure 79 - Rear Wing Slipstream - New Wing

Figure 78 shows the pressure distribution across the vehicle, as shown there is significant build ups of pressure at the front of the vehicle, and at the wing. This build up at the wing will be important for thus investigation, as theoretically as the wing is moved higher, it will disrupt the horizontal airflow more, resulting in more drag and hopefully more downforce. Figure 79 shows how the air now flows slightly differently around the wing, due to the implementation of wing twist, which allows for air to pass underneath the wing in certain areas (the middle), but not others (the edges).
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[bookmark: _Toc122221226][bookmark: _Toc122252043]Figure 80 - Lift Force Contours - New Wing
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[bookmark: _Toc122221227][bookmark: _Toc122252044]Figure 81 - Lift Force Contours - New Wing

Figures 80 and 81 show the lift force contours over the top of the vehicle, and the underside near the wing. As shown this wing created a significant amount of negative lift underneath, and over the top of it, this should only increase as the wing is moved further into the airflow. 







8.1 [bookmark: _Toc122283851]Wing Height Investigation

A rear wing, much like on a plane, is an airfoil. However, unlike airplane wings, they are designed to directly direct and airflow upwards, pushing the vehicle down. This is because airflow interacting with the vehicle is forced in an upwards direction, which in turn forces the rear of the vehicle towards the ground. The benefit of additional downforce however can come at the expense of increased drag as the wing blocks more of the oncoming air (engineeringexplained, 2015). Therefore the expected results should see an increase in both lift and drag as the vehicle is moved further into the airflow. Figures 82 and 83 show that this is the case, as the lowest wing position achieved a coefficient of drag value of 0.453 and a coefficient of lift value of -0.18, whereas the highest wing position achieved values of 0.48 and -0.264 respectively. So, a downforce increase of 46% was achieved for a drag increase of only 6%. The centre of pressure position also started to move slightly back as the wing was raised higher, however this different was only minor.
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[bookmark: _Toc122221228][bookmark: _Toc122252045]Figure 82 - Wing Height VS Drag Coefficient
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[bookmark: _Toc122221229][bookmark: _Toc122252046]Figure 83 - Wing Height VS Lift Coefficient
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[bookmark: _Toc122221230][bookmark: _Toc122252047]Figure 84 - Lowered 50mm Wing Streamlines
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[bookmark: _Toc122221231][bookmark: _Toc122252048]Figure 85 - Default Wing Height Streamlines
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[bookmark: _Toc122221232][bookmark: _Toc122252049]Figure 86 - Plus 50mm Wing Height Streamlines

Figures 84, 85 and 86 show how the flow around the wing changes depending on its vertical position. As shown in Figure 86, the higher the vertical position, the more turbulent air is present underneath the wing, which pulls it in a downwards direction.


[bookmark: _Toc122283852]8.1.2 Plus 75mm and Plus 100mm Wing Height

This section shows the lift force contours on the two highest wing vertical position studies, as well as the streamlines observed on the +100mm wing height study. As shown in Figures 87 and 88, the change in lift force contours as the wing gets moved more into the airflow was relatively minimal, however these two results achieved significantly more downforce than the lowered vertical position runs. The only real difference seen here is a slightly larger area of blue negative lift, and a slight build-up of positive lift at the end edge of the +100mm run.
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[bookmark: _Toc122221233][bookmark: _Toc122252050]Figure 87 - Lift Force Contours - Plus 75mm Wing Height
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[bookmark: _Toc122221234][bookmark: _Toc122252051]Figure 88 - Lift Force Contours - Plus 100mm Wing Height
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[bookmark: _Toc122221236][bookmark: _Toc122252052]Figure 89 - Plus 100mm Wing Height Streamlines

Figure 89 shows how there is still significant amounts of turbulent air being created underneath and behind the wing, which will cause both downforce, and slight drag.




















8.2 [bookmark: _Toc122283853]Wing Horizontal Position Investigation 

Figures 90, 91, and 92 show how moving the wing backwards in a horizontal direction impacts the drag, lift, and centre of pressure position. As shown as the wing is moved further back both the drag and lift start to increase, which is the least ideal scenario. The centre of pressure position also starts to move back further as the wing moves further back. 

[image: ]
[bookmark: _Toc122221237]Figure 90 - Wing Position (Horizontal) VS Drag Coefficient

[image: ]
[bookmark: _Toc122221238]Figure 91 - Wing Position (Horizontal) VS Lift Coefficient
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[bookmark: _Toc122221239]Figure 92 - Wing Position (Horizontal) VS Centre of Pressure

Figures 93, 94, and 95 show how this moving back of the wing has an impact on the air velocity. As shown the default wing position (Figure 93) creates the most fast-moving air underneath. Whereas in Figure 95, when the wing is back 100mm, there is significantly less. There is also a larger zone of fast-moving air being created behind the wing itself as it gets moved back, this likely explains the spike in drag as more high-pressure air hits the wing the further back it is.
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[bookmark: _Toc122221240]Figure 93 - Velocity Post Processing – Default Wing Position
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[bookmark: _Toc122221241][bookmark: _Toc122252053]Figure 94 - Velocity Post Processing - Plus 50mm Horizontal Length
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[bookmark: _Toc122221242]Figure 95 - Velocity Post Processing - Plus 100mm Horizontal Length


8.3 [bookmark: _Toc122283854]Wing Angle Investigation

Wing angle, like vehicle pitch, is when the overall position of the wing is rotated around a central axis. A rear wing is designed to help improve performance and enhance vehicle stability, as explained by (Kajiwara, 2017) “if the angle of attack of the rear wing is large, then the air resistance is increased during high-speed driving”. As shown by figures 96 the drag increases slightly as the wing is tilted both ways with a favour towards creating more drag as the wing is tilted up at the front. As shown in figure 97 the lift also increases as the wing is tilted. Figure 98 also shows how both tilting the wing down at the front, and back at the front, causes the centre of pressure to move backwards.
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[bookmark: _Toc122221243]Figure 96 - Wing Angle vs Drag Coefficient
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[bookmark: _Toc122221244]Figure 97 - Wing Angle vs Lift Coefficient
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[bookmark: _Toc122221245]Figure 98 - Wing Angle vs Centre of Pressure Position (From Vehicle Rear)


The figures on the next page show how the air velocity, and the turbulent kinetic energy change with the rotation of the wing. As shown in Figures 99 and 100, there is a significant difference in the air flowing underneath and behind the wing as it is rotated. The flow seems to stay more attached with the wing down at the front in Figure 99, whereas the flow detaches from the wing with the wing tilted up at the front in Figure 100. 
Turbulent kinetic energy measures the intensity of turbulence in a flow (CadanceCFD, n.d.). As shown more turbulence is created when the wing is tilted up at the front in figure 102, which backs up the air velocity contours seen in Figure 100.
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[bookmark: _Toc122221246][bookmark: _Toc122252054]Figure 99 - Positive 2-Degree Wing Angle - Velocity Contours
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[bookmark: _Toc122221247][bookmark: _Toc122252055]Figure 100 - Negative 2-Degree Wing Angle - Velocity Contours

[image: ]
[bookmark: _Toc122221248][bookmark: _Toc122252056]Figure 101 - Turbulent Kinetic Energy (+2 Degree Wing Angle)
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[bookmark: _Toc122221249][bookmark: _Toc122252057]Figure 102 - Turbulent Kinetic Energy (-2 Degree Wing Angle)
9. [bookmark: _Toc122283855]Diffuser & Side Skirt Investigation 

As explained earlier in this report, the purpose of a diffuser is to create an area of increasingly larger air volume underneath a vehicle. The combination of the floor of the vehicle and a diffuser allows for significant influences on the underbody forces. As previously mentioned in the work by (Toet, 2017), the diffuser angle has a significant effect on the downforce generated with a low ride height. Therefore, for this investigation the diffuser angle was the area of focus.

9.1 [bookmark: _Toc122283856]Diffuser Angle Investigation 

For the diffuser angle investigation 3 different angles were used. These were a 4-degree angle, a 7 degree angle, and a 10 degree angle. These angles, more specifically the 7-degree angle, was chosen due to some research into the most commonly used diffuser angles. (Buckley, n.d.) suggests that there is a “7 degree rule of thumb with air and diffusers”. Therefore, this was put to the test in this investigation. As shown below in Figure 103 the 7-degree diffuser did induce the most drag, however this difference was very minimal as shown. Figure 104 however shows that the 7 degree diffuser created the most downforce (-0.222) when compared to a diffuser run at 4 degrees (-0.217), and a diffuser run at 10 degrees (-0.2007).
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[bookmark: _Toc122221250][bookmark: _Toc122252058]Figure 103 - Diffuser Angle vs Drag Coefficient
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[bookmark: _Toc122221251][bookmark: _Toc122252059]Figure 104 - Diffuser Angle vs Lift Coefficient

Figures 105-110 show how the flow changes slightly between the 4-degree, 7-degree, and 10-degree diffuser setups. As shown below the key difference is observed in the 10-degree diffuser, where significantly less turbulent air is created at the rear of the vehicle. This turbulent air is useful as it allows for the creation of negative lift from the wing being pulled down into the gap created. This therefore shows how the 4 and 7-degree diffuser angles are working more as intended. 
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[bookmark: _Toc122221252][bookmark: _Toc122252060]Figure 105 - 4 Degree Diffuser Streamlines (rear)
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[bookmark: _Toc122221253][bookmark: _Toc122252061]Figure 106 - 7 Degree Diffuser Streamlines (rear)
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[bookmark: _Toc122221254][bookmark: _Toc122252062]Figure 107 - 10 Degree Streamlines (rear)
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[bookmark: _Toc122221255][bookmark: _Toc122252063]Figure 108 - 4 Degree Streamlines (side)
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[bookmark: _Toc122221256][bookmark: _Toc122252064]Figure 109 - 7 Degree Streamlines (side)
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[bookmark: _Toc122221257][bookmark: _Toc122252065]Figure 110 - 10 Degree Streamlines (side)


9.2 [bookmark: _Toc122283857]Curved Diffuser Investigation

It was decided after the previous investigation that the diffuser shape was going to be changed slightly due to it needing to be slightly further back, in order to follow the natural curve of the vehicle rear. This turned out to be a huge success, as the area by which the air exits the underside of the vehicle was increased significantly. A 7-degree angle was again used here due to it performing the best in the previous study. The end result resulted in an increase in drag coefficient from 0.458 to 0.467, but for this slight increase in drag there was a massive increase in the downforce observed with a lift coefficient of -0.291 being recorded. This was a 32% increase in lift, for a 2% increase in drag. The results of this run can be seen below, including the large area of turbulent air caused below the rear wing, which would have resulted in this large increase in downforce.
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[bookmark: _Toc122221258][bookmark: _Toc122252066]Figure 111 - Curved 7 Degree Diffuser - Velocity Plot
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[bookmark: _Toc122221259][bookmark: _Toc122252067]Figure 112 - Curved 7 Degree Diffuser Streamlines (side)
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[bookmark: _Toc122221260][bookmark: _Toc122252068]Figure 113 - Curved 10 Degree Streamlines (rear)


9.3 [bookmark: _Toc122283858]With Added Side Skirts

As explained previously in this report side skirts are usually used in combination with air dams, front splitters, and diffusers. They work by trapping air underneath the vehicle and preventing said air from escaping out the sides. Figure 27 earlier in this report, taken from (Wright, 1983), showed how negative lift should increase as the gap between the side skirts and the ground decreases. As shown below, this was the case, as with a gap of 10mm from the ground a coefficient of lift of -0.3123 was observed. This did however come at the expense of a little bit of drag however as a coefficient of drag of 0.491 was observed. The centre of pressure position also moved further back with the introduction of side skirts (roughly 0.4m back). The results for this investigation can be seen below.
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Figure 114 - Side Skirt Investigation CD
[image: ]
Figure 115 - Side Skirt Investigation CL
















10. [bookmark: _Toc122283859]Air Dam/Front Splitter Investigation

10.1 [bookmark: _Toc122283860]Air Dam Height Investigation

As explained earlier by (Tihana, 2022) air dams are attached to the front of a vehicle and are used to improve a vehicle’s aerodynamic efficiency. This is achieved by redirecting airflow around the vehicle, thus restricting the amount of air able to flow underneath. For this investigation 3 different heights were investigated, these were 40mm, 65mm and 80mm, with 80mm being the closest to the ground (around 10mm from ground). This was also fitted with a 50mm splitter for all the runs, The results for this investigation were quite surprising, mainly in the lift department. Usually, a front splitter the lower it gets creates more downforce underneath the vehicle. However, what was found here was that lowering the air dam closer to the ground actually resulted in a decrease in the amount of downforce. The only logical explanation for this occurrence was that the other devices under the vehicle (side skirts and diffuser) preferred there to be more air flowing underneath the vehicle. This therefore meant that a slightly unorthodox front air dam height turned out to be the most useful as it produced a coefficient of lift of -0.304, with a drag value of 0.458, and a centre of pressure of 0.76m forwards from the rear of the vehicle.  
Despite this slightly strange result, one thing the front air dam investigation did show is how vital a front air dam/splitter combination is for moving the centre of pressure position forwards. As shown in Figure 118 the lower the air dam the further forward the centre of pressure position. Therefore, if the centre of pressure position relationship with the centre of gravity position needs adjusting for handling reasons, then adding a slightly lower air dam, which may compromise downforce slightly, would be a good way of doing it.
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[bookmark: _Toc122221261][bookmark: _Toc122252069]Figure 116 - Air Dam Height VS Drag Coefficient
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[bookmark: _Toc122221262][bookmark: _Toc122252070]Figure 117 - Air Dam Height VS Lift Coefficient
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[bookmark: _Toc122221263][bookmark: _Toc122252071]Figure 118 - Air Dam Height VS Centre of Pressure













10.2 [bookmark: _Toc122283861]Splitter Length Investigation

As explained earlier in this report, a splitter works in tandem alongside an air dam, and is essentially a small lip, or ‘leading edge’ on the front of the vehicle, which is parallel, or as close to parallel, as possible. For this investigation two different splitter lengths were tested, one being 50mm, and the other being 80mm. Both were attached to the ‘optimal’ air dam length (40mm) as found in the previous section of this report. The 50mm splitter resulted in a coefficient of drag value of 0.458, a coefficient of lift value of -0.304. The 80mm splitter resulted in a coefficient of drag value of 0.489, a lift value of -0.2702, and a centre of pressure position of 0.85m in front of the rear of the vehicle. This therefore meant that the smaller splitter length achieved a significantly higher downforce, and a significantly lower drag. Below are the velocity contours of both results, as well as the lift force contours on the underside of the vehicle. Figures 121 and 122 show that the 50mm splitter was actually generating this downforce underneath the vehicle, at the underside of the splitter.
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[bookmark: _Toc122221264][bookmark: _Toc122252072]Figure 119 - 50mm Splitter Length - Velocity Contours
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[bookmark: _Toc122221265][bookmark: _Toc122252073]Figure 120 - 80mm Splitter Length - Velocity Contours
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[bookmark: _Toc122221266][bookmark: _Toc122252074]Figure 121 - 50mm Splitter Length - Lift Force Contours
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[bookmark: _Toc122221267][bookmark: _Toc122252075]Figure 122 - 80mm Splitter Length - Lift Force Contours













11. [bookmark: _Toc122283862]Final Optimised Run

11.1 [bookmark: _Toc122283863]The Setup

The setup for the final ‘optimised’ run can be shown below. The key changes made to the aerodynamic setup here included: lowering the vehicle by 15mm, raising the wing vertical position by 75mm (essentially near level with the top of the vehicle), and putting the side skirts 15mm from the ground. This setup was selected in order to achieve the largest negative lift value without compromising drag too much. This was also chosen to move the centre of pressure position further towards the centre of the vehicle, where the centre of gravity position is, for improved handling. 

[image: ]
[bookmark: _Toc122221268][bookmark: _Toc122252076]Figure 123 - Optimal Run Setup - Model

11.2 [bookmark: _Toc122283864]The Results

This setup resulted in a coefficient of drag value of 0.476, a coefficient of lift value of -0.34, and a centre of pressure position of 0.6m forwards from the rear of the vehicle. This therefore meant that a 51% increase in downforce (-0.225 to -0.34) was observed with only a 4% increase in drag. The only factor that is a little bit disappointing is the centre of pressure position, as it is roughly 1m behind the predicted centre of gravity position. It would have been nice to have this a little bit closer, however achieving this would have come at the expensive of downforce. 


[image: ]
[bookmark: _Toc122221269][bookmark: _Toc122252077]Figure 124 - Optimal Results - Velocity Contours

Figure 124 shows the velocity contours from the optimised run. As shown the significant areas are the front of the vehicle by the splitter and air dam, where a significant area of pressure builds, and the rear of the vehicle. The flow coming off the rear wing and also separating off the back off the vehicle creates significant downforce, which was the ideal result.
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[bookmark: _Toc122221270][bookmark: _Toc122252078]Figure 125 - Optimal Results - Streamlines (side)
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[bookmark: _Toc122221271][bookmark: _Toc122252079]Figure 126 - Optimal Results - Streamlines (rear)


Figures 125 and 126 are used to show the area of turbulence caused by a mixture of the underside aerodynamic devices, and the rear wing, as shown this area of turbulence is massive.
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[bookmark: _Toc122221272][bookmark: _Toc122252080]Figure 127 - Optimal Results - Lift Force Contours (top)
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[bookmark: _Toc122221273][bookmark: _Toc122252081]Figure 128 - Optimal Results - Lift Force Contours (underside)
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[bookmark: _Toc122221274][bookmark: _Toc122252082]Figure 129 - Optimal Results - Drag Force Contours (front)

Figures 127, 128, and 129 show the both the lift force and the drag force contours observed over the vehicle. Figure 127 shows how a significant amount of negative lift is cause by the front splitter and air dam, the underside trapped in by the side skirts, and the underside of the rear wing. Figure 128 shows how most of this downforce over the top of the vehicle is cause by again the rear wing and the front splitter. Figure 128 shows where the majority of the drag on the vehicle is formed.
12. [bookmark: _Toc122283865]Evaluation

To evaluate the work done in this investigation is difficult. However, there are certainly areas that I wish I had spent a bit more time on. The first of these is the diffuser, which although working well, had the potential to maybe work slightly better. I also wish I’d done a few more investigations and maybe a few different designs for the diffuser, as it was certainly an area which needed a little bit more attention. 
The second area I wish I had done a bit different was the front splitter/air dam. The results obtained from the investigations done in this report were ever so slightly different to expected, as explained in said section. If I was to redo this investigation, I would test out multiple different designs for a front splitter and air dam combination and compare each configuration. 
















13. [bookmark: _Toc122283866]Conclusion

To conclude this investigation, it has certainly been a successful one. This is shown in the results obtained in each of the individual studies conducted. The first stage of this investigation, the design stage, was a thrilling challenge. Many new techniques for modelling were learned and the challenge of creating a model to be as accurate as possible was a fascinating one. This was one of the areas where it felt like several new skills were learned, as a vehicle model was created from scratch with very minimal prior knowledge into modelling. 
The CFD validation study conducted using the DrivAer vehicle model, was also a success. This validation study allowed for more confidence with the software and an improved understanding of the process that occurs withing a CFD simulation. This was then taken into the Mini Vehicle attitude study, where a ride height study, a pitch study, and a yaw study were conducted. The pitch and the ride height studies resulted in some interesting results. The ride height investigation for example resulted in the confidence to be able to say that lowering the ride height of the Mini model had the desired effect of lowering the value of lift coefficient observed (-0,204 to -0.221). The Yaw study was the only vehicle attitude study which could have been done slightly differently. Due to time constraints and wishing to move on to the next stage, this study was done with a poor mesh, which led to slightly odd results. 
When it came to the wing study, this was a success. All of the trends shown from the vertical height study, the horizontal length study, and the wing angle study accurately followed the trends and predictions seen within literature. The most notable set of results here are the increase from a coefficient of lift of -0.18 to a value of -0.264 with the wing vertical position being changed. This also occurred with only a small increase in drag from 0.453 to 0.48. 
The diffuser, side skirts, and splitter and air dam tests were all tests that resulted in some expected results, and also some unexpected results. The most notable of the expected results was that of the side skirts. Research had shown that the closer the gap between the side skirts and the ground, the better they perform, and this was certainly the case, as a lift value of -0.3123 was achieved. The most notable of the unexpected results was the decrease in downforce observed in the air dam investigation, as it was expected that as the air dam moved closer to the ground more downforce would occur. This was ultimately put down to a lack of airflow underneath the vehicle interacting with the side skirts and the diffuser.
Overall, the optimal run was a success. The aim of this run was to create a simulation using all of the aerodynamic devices that would increase the downforce of the vehicle, whilst not compromising the drag. For the final ‘optimised run’ a coefficient of lift value of -0.34 was achieved, which was a -45% decrease in lift when compared with the initial model used, which included an attached rear wing. This was achieved with a coefficient of drag value of 0.4764, which was a 5% increase in drag. This also allowed for a centre of pressure position of 0.6m in front of the rear of the vehicle. The only downside is that this centre of pressure could have been moved slightly further towards the centre of gravity (for improved vehicle handling) however this would have likely resulted in losses in downforce.
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