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In the world of motorsports where victory is determined by fractions of a second, engineers are constantly striving to develop new technologies that can push the boundaries of on track performance. The rear wing of a race car is among these critical innovations and is an indispensable component, helping to improve the stability and speed of the vehicle. This essay delves into the significance of race car rear wings, highlighting their profound impact on racing and their instrumental role in manipulating airflow.

[bookmark: _Toc139025047]Reynolds Number: Influence on Race Car Wing Aerodynamics
Fluid dynamics play a crucial role in understanding the behaviour of fluids. One fundamental concept in this field is the Reynolds number. The Reynolds number is a dimensionless quantity that quantifies the ratio of inertial forces to viscous forces within a fluid. In aerodynamics, the Reynolds number is used for analysing the flow around race car wings. By looking at the relationship between the Reynolds number and the performance of wings, we can gain insights into the optimal design and behaviour of these crucial components.
Reynolds number is defined by the formula: Re = (ρ x V x L) / μ. Here, ρ is the density of the fluid, V is the velocity of the fluid, L is the characteristic length of the object and μ represents the dynamic viscosity of the fluid. The Reynolds number provides a quantitative measure of fluid flow, it is used to distinguish laminar and turbulent flow. According to Jerome Schubert (2008), a Reynolds number less than or equal to 2100 will be in the range of laminar flow, a Reynolds number that exceeds 2100 indicates turbulent flow. The differentiation between laminar and turbulent flow is a crucial aspect of fluid dynamics. Kara Rogers (2017) states that at low Reynolds numbers, the flow is predominantly laminar, with smooth and predictable movement of fluid layers. In contrast, high Reynolds numbers indicate a transition to turbulent flow, characterized by chaotic motion. This transition significantly impacts aerodynamic properties, such as drag and lift, which directly influence the performance of a race car's rear wing. Multiple factors contribute to the Reynolds number of the airflow around race car wings. The design of the wing, such as its shape and surface roughness and the characteristic length influence the Reynolds number equation. Additionally, the airspeed or the velocity at which the car travels through the air will significantly impact the Reynolds number. Lastly, the dynamic viscosity of the fluid, which depends on temperature and the properties of the air, is also a determining factor. Considering these parameters is crucial in accurately estimating and the Reynolds number for race car wing aerodynamics. When asked to 'estimate the Reynolds number for a race car rear wing with end plates', OpenAI's ChatGPT (2023), generated the following response:
Let's assume air as the fluid and consider the following approximate values for the fluid properties at room temperature (25°C or 77°F):
The density of air (ρ): 1.18 kg/m³
Dynamic viscosity of air (μ): 1.85 x 10^(-5) kg/(m*s)
Velocity (v): 80 mph (35.76 m/s)
Let's assume the chord length of the rear wing is 1 meter (L = 1 m).
Re = (1.18 kg/m³ * 35.76 m/s * 1 m) / (1.85 x 10^(-5) kg/(m*s))
Re ≈ 2,041,189
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[image: ]Boundary flow, flow separation, and turbulence are key factors that impact the performance of the rear wing, this can be seen in Figure 1. Optimizing these factors is essential to produce downforce, reduce drag, and improve handling. Boundary flow is the airflow near the rear wing's surface. Maintaining smooth and attached flow is vital for optimal rear wing performance. Aerodynamic profiles are designed to create laminar flow and minimize turbulence to enhance the wing's ability to generate downforce. Turbulence is generally an undesirable characteristic when considering aerodynamics, however, it can be harnessed to improve rear-wing performance in certain scenarios. Controlled turbulence can be used to delay flow separation which will enable the rear wing to maintain downforce even under challenging conditions. By strategically managing turbulence, race car designers can balance the trade-off between downforce generation and drag reduction, optimizing the rear wing's aerodynamic efficiency.Figure 1 - Flow Separation


Tec-science's (2020) article on flow separation states that flow separation occurs when the airflow separates from the wing's surface, reducing downforce and increasing drag which are not desirable characteristics when considering the design of a race car rear wing. To minimize flow separation, race car designers incorporate specific features into the rear wing design. Endplates and Gurney flaps are commonly used to redirect the airflow, preventing separation and maintaining downforce. These elements help improve the wing's overall performance and stability by reducing the negative effects of flow separation.
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Figure 2 - Rear Wing
The wing element, which can be seen in Figure 2, is the central component of the rear wing. It is the component responsible for generating downforce by manipulating the airflow passing over and under it. It is typically designed with a curved shape resembling the cross-section of an aeroplane wing. The shape of the wing element is crucial in determining its performance. The upper surface of the wing element is designed to create a longer path for the airflow, resulting in lower pressure compared to the bottom surface, this difference in pressure is what generates downforce, which pushes the rear of the car toward the ground. The endplates can also be seen in Figure 2, they are located at the outer edges of the wing element and play a critical role in optimizing the aerodynamic performance of the wing. The endplates act as a barrier to contain the airflow over the wing. They minimize the airflow spillage from the sides which reduces the creation of turbulence and improving the overall efficiency of the wing. Andy Urlings (2016) states that by effectively controlling the airflow around the wing will improve the wing's ability to generate downforce. They play a crucial in creating pressure differential between the upper and lower sections of the wing, enhancing the downforce generated. Additionally, the endplates can also help reduce drag by reducing the airflow separation and preventing excessive turbulence.
Overall, the wing element and endplates work together to achieve the maximum aerodynamic efficiency for the rear wing. This is accomplished through careful design and optimization of the components, contributing to the generation of downforce, reduction of drag and improvement of stability. This is done by manipulating the boundary flow, the separation point and the turbulence, ultimately improving the overall performance of the rear wing. In conclusion, the rear wing of a race car is designed to manage boundary flow, minimize flow separation, and harness controlled turbulence. These factors directly impact the wing's ability to generate downforce, reduce drag and enhance vehicle handling. 
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The historical development of CFRP components in race car wings was a significant shift from traditional metallic materials. René Fagnan (2018) states that the first appearance of the rear wing in motorsport was in 1968 when engineer and designer Mauro Forghieri added his rear wing to the Ferrari 312/67. Then in 1981 F1 engineer, Oliver Jones, introduced carbon fibre to the race car's design, this is backed up by Rory Mitchell (2023). One benefit of using CFRP is its weight reduction capability which is a critical factor in motorsports. By using CFRP, the weight of race car wings could be significantly reduced, directly improving acceleration and manoeuvrability. Two more key features of CFRP are exceptional strength and stiffness, providing increased structural integrity which directly improves handing, this is backed up by Deakin, A (2000). The properties highlighted of CFRP are backed up by Pooja Bhatt and Alka Goe (2017). Additionally, CFRP’s also possess ability to absorb a significant amount of impact energy due to its rigidity and extremely stable structure, improving overall vehicle safety.
The introduction of CFRP allows for more freedom when designing rear wings due to its versatile manufacturing processes, enabling the creation of complex profiles leading to optimal aerodynamic shapes. Currently, CFRP race car wings are produced using advanced manufacturing techniques such as autoclave curing (figure 3) and resin transfer moulding (figure 4). These manufacturing techniques allow precise control over fibre orientation and resin distribution, resulting in highly effective and reliable components, whilst achieving precise dimensional accuracy. CFRP allows for altered fibre orientations, according to Fast Radius (2020) this can be optimised to reinforce specific areas that will be under high amounts stress. Fast Radius (2020) also states that CFRP exhibits excellent fatigue resistance and durability, these properties make it a well suited material for race car wings that will need to endure high stress environments and dynamic loads during racing.
[image: ]
[image: ]Figure 3 - Autoclave CuringFigure 4 – Resin transfer moulding

CFRP has several implications for race car wing performance. Firstly, CFRP's low weight and high stiffness will prevent the wing from flexing under stress, if the wing were to flex the airflow may be redirected causing undesirable effects to the aerodynamic efficiency. A reduction in weight will also help to reduce drag, while the increased stiffness allows for better control of airflow, this will result in improved downforce generation. 
CFRP manufacturing techniques enable the design of lighter, slender rear wings whilst maintaining structural integrity. These properties directly relate to an improved in handling and responsiveness of the race car. Yun-Long Chen (2021) also highlights CFRP vibration damping characteristics of CFRP, minimizing the effects of aerodynamic vibrations and improving stability and control of the vehicle. CFRP's are also thermally stability, this ensures optimal wing performance under high temperature conditions caused by travelling at high speeds, a crucial factor in racing. Researchers and engineers have conducted studies to better understand CFRP's behaviour, various loading conditions are simulated to accurately predict the rear wing's behaviour in on track scenarios. Additionally, organizations such as the Fédération Internationale de l'Automobile (FIA) have established industry standards to regulate the use of CFRP components in race cars.  Andrew Benson (2021) Article 3.8 of the F1 technical regulations states that bodywork must be "rigidly secured to the entirely sprung part of the car" and "remain immobile in relation to the sprung part of the car". These regulations ensure safety, fairness, and consistency in performance across different competitors.
Looking ahead, future developments in race car wing technology will explore composites materials beyond CFRP. Engineers are studying the potential of graphene-based composites, these composites have a greater potential for strength, stiffness, and lightweight properties. Advancements in manufacturing techniques, such as automated layup processes and additive manufacturing will continue to modernise the production of CFRP components. Additionally, sustainability will need to be considered, urging the exploration of environmentally friendly materials and processes to reduce negative impacts on the environment.
******************************************************************************
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[image: ]The simulation of fluid flow over an object involves the use of different techniques, each with its advantages and disadvantages. Computational Fluid Dynamics (CFD) is a tool that can offer an analysis of the flow characteristics. Using CFD allows for an understanding of complex fluid behaviour around an object by solving equations. CFD is a cheap and efficient way to simulate fluid flow, it is cost effective due to it eliminating the need for physical model and enables the evaluation of various design without having to make prototypes. CFD models are used to accurately highlight important flow behaviour including turbulence, boundary layer effects and flow separation. This enables the fine tuning of the wings design by assessing the performance under different conditions. However, using CFD simulations also has its limitations. They need substantial computational power, including high performance computing capabilities and a long time to process data, a CFD simulation can be seen in Figure 5 where different colours are used to highlight different characteristics of fluid flow. The accuracy of CFD results rely on the quality of input data, meaning that inaccuracies in the input can result in unreliable data. Careful validation of the experiments data is essential to ensure the reliability and accuracy of the simulations. Additionally, modelling certain flow such as turbulent transition and vortex shedding can be challenging due to their inherent complexities. The capabilities of CFD are stated in Hosseini Boosari (2019).Figure 5 - CFD

[image: ]Wind tunnel testing can provide a physical alternative to CFD. It allows for direct measurements of forces, providing reliable data that can be compared to numerical simulations. Wind tunnel testing offers an accurate representation of performance by imitating realistic conditions, this includes airflow velocity and various angles of attack. It is especially useful to understand flow behaviour. However, wind tunnel testing has it limitations as it can be time consuming and expensive. Physical limitations, such as scale effects can affect the accuracy of the results as the results do not scale exactly with the model. Additionally, instrument errors in dimensions can introduce inaccuracies in the data. Wind tunnel testing also has limited flexibility in studying specific flow phenomena and interactions, as it is difficult to manipulate and control certain aspects of the flow.Figure 6 - Wind Tunnel


To address the limitations of the individual testing techniques, a hybrid approach combining CFD and wind tunnel testing has gained popularity. This approach utilises the benefits of both methods to improve the accuracy and efficiency of the analysis. CFD can be utilised to optimise the design and gain insights into the underlying physics before a physical model is made. Wind tunnel testing will then be used to validate the CFD results, providing a physical representation of the simulated data. Hybrid approaches can useful in reducing cost and time required for developing a component while providing a better understanding of the flow behaviour. 
In conclusion, choosing the appropriate modelling technique for simulating the fluid flow around a race car wing involves considering the advantages and disadvantages of each approach. CFD offers an efficient way to capture complex flow, but it requires computational resources and careful validation. Wind tunnel testing is used to provide a physical measurement but can be time consuming and expensive. A hybrid approach combining CFD and wind tunnel testing can utilise the strengths of both methods to improve accuracy and make the developments of the component more cost effective. By using available resources engineers can select the most suitable modelling technique to optimise the aerodynamics and performance of race car wings.
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The development of race car components, such as the wing, requires an understanding of fluid flow dynamics. To achieve this, a laboratory experiment can be used to investigate the flow around the wing prototype. In the laboratory, a small scale replica of the component is constructed to accurately represent the geometry of the design. A wind tunnel is set up can also be used to simulate realistic airflow conditions that the components will interact with. The experiment will provide a controlled environment for data collection. To capture relevant data measurement devices are installed on the prototype. Non-intrusive measurement techniques can be utilised to minimize interference with the flow field. Data can be collected from measurement devices to obtain an understanding of the flow. Pressure distributions, velocity profiles, forces and moments acting on the wing can be easily recorded. The data collection process covers will have to use range of operating conditions, including different angles of attack and airflow velocities, to enable a thorough assessment of performance across various scenarios
Simulations using Computational Fluid Dynamics (CFD) can be used to analyse the fluid flow around the wing. The simulation results can be used to gather similar data points obtained from the experiment, such as pressure distributions and aerodynamic forces. The experimental data can then compared to the simulation results by evaluating the results. Any discrepancies in the experimental and simulated data can be assessed to determine the validity of the simulation. Differences in the experimental and simulation data will be carefully analysed to identify any issues in the simulated model or experimental setup. Based on insights gained from this experiment, adjustments can be made to the simulation parameters, boundary conditions, or turbulence models. Further experiments and simulations will be carried out to test these refinements, ensuring that the correlation between the experimental and simulated data improves. 
To conclude, a laboratory experiment serves as an important step in understanding the fluid flow around a race car wing. By comparing accurate and reliable data with simulations, engineers can gain insights into the performance of the wing before it is manufactured. The process of experimentation and simulation will refinement design, enhancing performance and improve the accuracy of the simulation model. The analysis will provide a solid foundation for development and analysis of race car wing designs, leading to improved performance on the racetrack.
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