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The design and optimisation of a race car wing is very important because this component alone can have a massive effect on the aerodynamic performance of the car. The behaviour of the vehicle is significantly influenced by the dynamic performance of the wing and therefore must be carefully considered when engineers are designing this component. The rear wing manages air flow, and has a great influence on the vehicle’s balance during typically high-speed situations in motorsport, where a fraction of a second could be the difference between a win or a loss.

Part 1 - Reynolds Number: Influence on Race Car Wing Aerodynamics
Fluid dynamics is the study to understand the behaviours of fluids. A method in which fluids can be analysed is by using ‘Reynolds’ Number;’ Reynolds’ Number is an important parameter within fluid dynamics that plays a significant role into the understanding the different types of flow, it is a dimensionless quantity that characterises the relative importance of inertial forces to viscous forces within a fluid flow. 
The Reynolds number is given by the equation:
Re = (ρ * V * L) / μ
where:
Re is the Reynolds number
ρ is the density of the fluid
V is the velocity of the fluid
L is the characteristic length (chord length of the wing)
μ is the dynamic viscosity of the fluid
The Reynolds’ Number’s influence on the race car wing in question is due to its influence on the flow around the wing, which can be classified into two main categories, laminar flow, and turbulent flow. Kara Rogers (2017) states that when the Reynolds number is less than 2000, the flow of fluid would generally be laminar, whereas at values over 2000 the flow is usually turbulent.
The effects of these different types of fluid flow on a race car wing are different to each other and would have different resulting forces on the wing.
Laminar Flow: With a lower Reynolds Number, so under 2000 generally, the flow around the wing would be smoother, with the layers of fluid passing over the wing in an orderly fashion. Laminar flow is characterised by low levels of turbulence, therefore the result for the wing is lower drag but limited lift generation.
Turbulent Flow: With an increase in the Reynolds’ number value, the flow of fluid becomes more chaotic and turbulent. Turbulent flow is characterised by irregular patterns within the movement of the fluid, increasing the drag force on the wing but enhancing the lift generation.
When a wing is being designed, engineers aim to manipulate the Reynolds’ number to optimise aerodynamic performance by balancing the requirement to minimise drag but also maximise downforce or lift.
When asked to generate an example for a Reynolds’ number on a race car wing OpenAI's ChatGPT (2023), generated the following response:
Reynolds’ number for a race car wing with the following parameters:
Fluid density (ρ): 1.2 kg/m^3 (typical value for air at standard atmospheric conditions)
Velocity (V): 60 m/s (hypothetical racing speed)
Chord length (L): 1.5 meters (example value for the length of the wing)
Dynamic viscosity (μ): 1.8 × 10^(-5) Pa·s (typical value for air at standard atmospheric conditions)
Using these values, we can calculate the Reynolds number as follows:

Re = (ρ * V * L) / μ
= (1.2 kg/m^3 * 60 m/s * 1.5 meters) / (1.8 × 10^(-5) Pa·s)
= 6000
[bookmark: _Toc139048027]Part 2 - Boundary Flow Around the Wing
The boundary flow of a race car wing refers to the flow of the air over the close to the wing itself. The boundary layer is a thin layer of air adjacent to the wing, where the velocity of the air changes from zero to become a freestream velocity further away from the wing. The transition from laminar to turbulent flow in the boundary layer is influenced by factors such as the wing's shape, angle of attack, and the Reynolds’ number. Higher Reynolds’ numbers and adverse pressure gradients tend to promote the transition to turbulence; however, the aim of the wing is to enhance racing performance, so this again requires manipulation of the physical characteristics of the wing to optimise the balance between drag and downforce. 
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Figure 1 - Flow Separation









[image: ]The shape of the wing plays an important role in the overall aerodynamic performance, characteristics such as the camber, thickness and attack angle help to achieve the desired lift and drag characteristics. By changing the angle and curvature of the wing, the airflow can be controlled, helping to achieve the desired outcome.Figure 3 - The Wing

The addition of end plates at either end of the wing helps to control the air flow around the wing; these plates can help to reduce wingtip vortices which can lead to energy loss, increased drag and reduced efficiency. Andy Urlings (2016) states that end plates play a crucial role in improving the wing's ability to generate downforce. They act as barriers, preventing the high-pressure air on the upper surface of the wing from leaking to the low-pressure region below the wing.
As well as the downforce generation aspect of the rear wing design, it also plays a critical role in achieving a balanced aerodynamic setup for the race car, working in unison with the other components such as the splitter to maintain a even and optimal balance between the front and rear of the vehicle. 
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 The use and development of Carbon Fibre Reinforced Plastic components within motorsport was a significant upgrade from the traditional metallic materials that were previously used. According to René Fagnan (2018) the first appearance of the rear wing in motorsport was in the mid 60’s when former grand prix driver Jim Hall applied the principle of the aeroplane wing but in reverse, to create a downwards force, rather than upwards lift. Lawrence Butcher (2013) sates that the introduction of CFRP into motorsport was in the 1981 formula one season, where McLaren and Lotus both debuted cars which used a CFRP chassis an since then the sport has been dominated by the material. Some of the benefits of using CFRP include:
High Strength-to-Weight Ratio – This means that the material has exceptional strength qualities, whilst remaining significantly lighter than the materials previously used to construct race cars
Stiffness and Rigidity – CFRP has high stiffness and rigidity, meaning it has a great resistance to deformation under loads. This helps with the stability of the vehicle.
Corrosion Resistance – Unlike previously used materials like metals, CFRP does not corrode, making it highly resistant to environmental factors like moisture or chemicals.
The introduction of CFRP allowed a much more versatile production process, giving engineers and designers a lot more freedom and the ability to manufacture more complex designs and optimized aerodynamic shapes. CFRP race car wings are first developed using CAD software, considering the aerodynamic requirements and physical dimensions of what the finished product should be. A mould is then created usually made from a type of composite material. Carbon fibre sheets impregnated with a resin, are placed into the mould and vacuum sealed. The autoclave curing process then cures the carbon fibre using a combination of heat and pressure, which together activate the resin bonding the carbon fibre uniformly, resulting in highly efficient and reliable wings.     
CFRP exhibits excellent energy absorption properties, enhancing the crashworthiness and safety of the wing. The composite material can absorb and dissipate impact energy, minimizing the severity of crashes and protecting the vehicle and driver. - K. K. S. Lau et al. (2018).
Industry standards and race regulations, such as those set by the FIA (Fédération Internationale de l'Automobile), govern the use of CFRP in motorsport. The standards ensure safety and that the competition remains fair, as the testing and development of CFRP components, including wings is progressing. As CFRP technology continues to advance, ongoing developments focus on further weight reduction, increased strength, improved manufacturing techniques, and cost efficiency. Manufacturers and teams invest in research and development to optimize the performance and durability of CFRP wings while complying with technical standards and race regulations.
The progression of motorsport components is inevitable, as Gerald Perrin said in 2022: “We have been extremely pivotal in working with the teams in improving the safety of the cars. But the type of materials that are used today are completely different to what was designed in the ’80s.” 
The development of new technology will be pivotal within the F1 industry, if there could be new alternatives to CFRP, according to Jonathan Noble (2022) F1 teams are looking into the use of bio sustainable raw materials as teams fear new regulations forcing them to use less petroleum-based type materials on their cars. 
He goes on to explain how teams are also researching the effective use of additive manufacturing to appeal to not only F1 but also other motorsport competitions.  
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Several modelling techniques can be employed to simulate the fluid flow around a wing, such as Computational Fluid Dynamics (CFD), wind tunnel testing, and empirical methods.
CFD allows detailed analysis of the fluid flow around the wing, providing insights into how the wing will perform aerodynamically in practical application. It offers the ability to analyse various operational conditions, such as different speeds, different attack angles, different effects of different Reynolds’ numbers and flow regimes. CFD can also provide useful information into the pressure distribution, drag, lift and flow separation of the wing helping engineers to fine tune their wing designs whilst eliminating the need for a physical prototype and enabling alterations to designs to be a lot easier.
CFD does come with some limitations however, a CFD test requires a significant amount of computational power, including high performance computing capabilities. They also need a high level of expertise to set up and run. These tests may also need a significant amount of time to process the results and even then, they may not completely capture all the flow characteristics accurately and may require validation through experimental data. 
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Figure 4 - CFD Test
Wind Tunnel Testing provides direct experimental measurements of the wing’s aerodynamic forces and flow characteristics using real world testing conditions and proving the performance under controlled test conditions. The Wind Tunnel can however be expesnive and time consuming, as it requires specialist facilities and expensive equipment. Also when considering the use of a wind tunnel, a full scale model of the component or vehicle must be produced, as scale effects could interfere with the validity of the test.Figure 5 - F1 Car in wind Tunnel

 Empirical Methods use established correlations and equations to allow for quick estimations of aerodynamic performance, these methods can be useful early on in a project, however, they would not be anywhere near accurate enough to provide the necessary level of accuracy needed to continue the design process further. CFD and physical wind tunnel testing are not 100% accurate due to equipment inaccuracies, but they are a lot more accurare than using empirical methods. 
The most accurate way of achieving accurate results for aerodynamic research, is by using a combination of these modelling techniques. CFD can provide a detailed insight into what can be expected and wind tunnel testing can then validate that data, but of course the selection of technique used will be based on the desired level of accuracy, the available resources and the complexity of the test.
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If an experiment were to be conducted to correlate the data to the simulation, there would be key points to consider. 
Firstly, the experimental setup is extremely important to replicate the test conditions of the simulation as closely as possible, considering parameters such as: air velocity, temperature, and atmospheric pressure. The construction of the model to be tested is another factor that must be considered, the dimensional accuracy of the model must be as close to the CFD analysis as possible. Also, the model must be mounted as it would be in application, free from interference, allowing for an accurate representation. 
Secondly, the instrumentation being used must be correctly calibrated to ensure the accuracy of the data and account for systematic error. The equipment being used must be the best available to record the parameters required for the test, so the same data that was recorded during the CFD analysis. 
The use of a test matrix could be used to conduct the tests in a systematic and methodical manner, ensuring that each test configuration is accurately recorded. The data can all be recorded and later compared to that of the CFD in Task 4, focusing on key metrics such as lift, drag, pressure distribution and flow patterns. Analyse the discrepancies between the experimental and simulated data and assess the accuracy and reliability of the simulation by comparing it to the experimental results.
By using the comparison between the experimental and the simulated data, it would be possible to identify areas that could be improved upon if the test was to be carried out again. When reporting the data, it is important to include the uncertainties and limitations associated with both the experimental and computational methods. The presentation of the findings should be in the form of a comprehensive report, highlighting any insights gained from the experiment and the correlation to the simulation.
By conducting a well-designed experiment and carefully comparing the acquired data to the simulation results, engineers can validate and improve the accuracy of the simulation model. This iterative process helps refine the simulation methodology and enhances the confidence in using simulations for future design optimizations and performance predictions.
Conclusion
In conclusion, it is evident that the race car wing has a profound effect on the aerodynamic performance of the vehicle, it has an influence on key abilities, such as the ability to create downforce and stability, which are key components of achieving faster lap times and winning races. The wing will continue to evolve as motorsport evolves, seeing the use of different materials, which will undoubtedly play a big role in the future development of high performance racing.
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