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[bookmark: _Toc139217974]Introduction
Through this report I will be discussing the influence of the Reynolds number in the aerodynamics of a race car rear wing. This relates to the boundary layer around the wing and how the design of the wing attempts to prevent airflow separation and turbulent flow. I will also analyse the performance benefits of using Carbon fibre reinforced polymers materials for the rear wing and how race technical regulations effect this. The report concludes with a discussion on potential modelling techniques and physical testing to simulate the fluid flow around the rear wing. 
[bookmark: _Toc139217975]Reynolds Number
The Reynolds number is the “ratio of inertial forces to viscous forces” (Rehm, et al., 2008). Inertial forces are a force opposite in direction to an accelerating force acting on a body which is equal to the accelerating force and mass of the body (Belhaj, 2023). A viscous force is a measure of a fluid’s resistance to flow. Reynolds number is a dimensionless number used to predict the fluid flow patterns in different situations. It helps to differentiate between turbulent and laminar flow of a pattern. 

Determining the type of fluid flow is very important in aerodynamics as when fluid flow becomes turbulent frictional drag will increase. Therefore, calculating the Reynolds number is very important as it gives insight into the type of flow (turbulent, laminar, or transitional) and at what point they change. This is supported by (Cadence CFD Solutions, 2023) that states Reynolds number describes the effect of fluid viscosity in controlling the flow pattern and velocity of fluid. A high Reynolds number indicates a turbulent flow, and a low Reynolds number indicates a laminar flow. 

Understanding where turbulent air is formed is particularly important for race cars. Race cars are designed to generate a lot of downforce which is a downward vertical aerodynamic force created by air moving over the cars body, pushing the car down to the ground (Holm, 2022). This allows drivers to maintain high speed with good grip, through corners without the risk of lift. Race cars generate downforce using aerofoils in the front and rear wings. Downforce is generated when the air pressure on top of the wing is higher than the standard atmospheric air pressure underneath the wing (Mercedes AMG Petronas F1, 2023). The wings shape is designed to allow the air velocity to be lower over the top of the wing but higher underneath the wing as the air is squeezed underneath the aerofoil, creating downforce. 
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Figure 1: Effect of air flow when increasing the angle of attack on a race car rear wing (Franky, 2013). 

Increasing the angle in which the aerofoil is positioned will produce more downforce. However, if the angle is too high then it will begin to reduce the downforce (Katz, 2006). This is due to air flow separation around the rear wing (Rehman, 2023). This scenario is the same for the entire body of the car as turbulent air flow produces drag and reduces downforce. Therefore, using Reynolds number to determine where turbulent flow is produced is very important in the design of aerodynamic components. 

Reynolds Number can be calculated using the following equation:



Where , is the density of the fluid,  is the velocity, L is the linear dimension and  is the dynamic viscosity of the fluid. 

Therefore, to estimate a Reynolds number for the rear wing we can input the following values:

 (Earthdata NASA, 2023)
 62 m/s
 (Federation Internationale de l'Automobile, 2019)





The length of the rear wing was taken from the (Federation Internationale de l'Automobile, 2019) which states “must lie in an area when viewed from the side of the car that is situated between 150mm and 500mm rearward of the rear wheel centre line”. Therefore, the rear wing has a maximum length of 350mm. The velocity of the air was defined from the average speed of a Formula one race car, which is 138MPH or 62m/s according to (Professionals HQ, 2023).

The estimated Reynolds number calculated for the rear wing is high. This demonstrates a turbulent air flow in which the air velocity is very high around the wing, due to the high speeds in which the car is travelling. 

[bookmark: _Toc139217976]Boundary Flow
The Boundary layer can be defined as the air flow directly in contact with the aerofoils (wing) surface. The Boundary layers flow may be laminar, turbulent or in transition from laminar to turbulent and can be determined using the Reynolds Number (Cadence CFD, 2023). When fluid flows over a stationary surface such as the aerofoil of a rear wing, the fluid that contacts the surface is brought to rest by shear stress. The boundary layer will remain as a laminar flow at a low Reynolds number and transition into turbulent flow at a high Reynolds number. The transition point may alter depending on the surface roughness of the aerofoil. (Schlichting & Gersten, 2017) explains that the boundary layers external flow gives an object an effective shape which is slightly different from the physical shape. The thickness of the Boundary layer can be defined as the distance from the objects surface to the point in which velocity is 99% of the unrestricted flow velocity (Nuclear Power, 2023).

The first layer of air flowing past the aerofoil is static due to molecular forces holding it against the surface. Between the static layer of air and the full velocity layer of air, each layer moves with slightly more velocity due to the friction between each individual layer of air (Schlichting & Gersten, 2017). The area between these two points is known as the Boundary layer. The amount of friction between each layer is known as viscosity and is a measurement of its internal resistance to motion or deformation (SimScale, 2023).

If the aerofoils angle of attack is increased too far it will reduce the downforce generated (Katz, 2006). If the velocity of the air is high enough, then its momentum will be greater than the pull of low pressure underneath the aerofoil. Therefore, the airflow will only be slightly deflected upwards over the wing, which is needed to generate downforce and instead continue, also known as airflow separation (Korvin-Kroukovsky, 2003). The Boundary layer will also become detached from the aerofoils surface and begin to flow turbulent. At the point in which the air flow separates the downforce will reduce dramatically and the drag will increase, this is called stall (SKYbrary, 2023).
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Figure 2: Air separation of a rear wing aerofoil due to increased angle of attack (Chain Bear, 2018).

To resolve the issue of separated airflow and maintain efficient downforce the design of the rear wing incorporates vortex generation. A vortex is a spiral of air that spins like a screw as it flows and can be used to prevent airflow separation, by pulling the high velocity detached airflow back towards the Boundary layer, smoothing out the disturbances and reducing turbulent flow (Decher, 2022). Therefore, vortices will keep airflow attached to the aerofoils surface to reduce turbulent flow, increase downforce, and reduce drag.

The complex design of a race car rear wing is based on small vortex creation to help prevent airflow separation and large vortices from forming. The high-pressure air above the aerofoil will flow into the low-pressure air beneath the aerofoil around its ends and begin to form vortices. To prevent this endplates are fitted to the rear wing to reduce the effects of the pressure difference and therefore, large vortices from forming (CarThrottle, 2016). However, the air pressure on the outside of the endplates is much lower than the inside, which creates a pressure difference where large vortices can generate over the wing tips. To prevent this Louvres are installed on the endplates to smooth out the pressure difference, resulting in small vortices and less drag (Urlings, 2016). The air pressure outside the endplates is now higher than the air pressure flowing under the wing inside the endplates, due to the Louvres forming small vortices. Therefore, a small cut-out at the back of the endplates is used to allow the wing tip vortices spinning in the opposite direction to neutralise the louvres vortices and reduce its effects (PresticeBDT, 2023).

[bookmark: _Toc139217977]Performance of Carbon Fibre Reinforced Polymer Rear Wings
Carbon fibre reinforced polymers are composite materials which are made up of a polymer resin matrix reinforced with carbon fibres. The polymer protects and holds the fibres together while the carbon fibres provide strength and stiffness (Fekete & Hall, 2017). The fibres carry any mechanical loads applied to the material and the resin matrix distributes the load to the fibres and binds them together. This produces a material with a high strength to weight ratio that is also ductile (Ashby, 2013).

The main requirement of a race car rear wing is to produce downforce with minimal drag. Downforce provides grip to the tyres, which improves handling and increases cornering speeds. The first rear wings were implemented onto race cars in the 1960s. In 1968 Ferrari implemented the first full high mounted, inverted aerofoil design rear wing of Formula One (Fagnan, 2018). However, due to the high mounting rigid aluminium design of the wing it was prone to failure therefore, due to safety concerns was banned by the FIA and height restrictions were set in place. 

To accelerate at the speeds required in Formula One the components of the car must be strong enough to withstand the downforce applied and light weight as possible, not to effect handling or reduce acceleration. CFRP is five times stronger than steel however, it is also much lighter (SMI Composites, 2023). This makes CFRP a suitable material for race car components such as a rear wing. Since 1980 when McLaren first introduced Carbon fibre composite chassis, CFRP materials have been used in the manufacturing of rear wings in Formula One (Thomas, 2013). In addition to improved mechanical properties such as increased strength and reduced weight, damage caused by collisions are locally constrained due to CFRP’s energy absorbing properties. As (High Power Media, 2013) explains, CFRP absorbs impact energy by fracturing instead of deforming. This is much safer for the drivers as CFRP can absorb more than five times as much impact energy than steels. Locally constrained damage also enables repairs to be carried out quickly with little if any loss of performance. 

Another performance benefit of a CFRP rear wing is the ability for it to flex. A large rear wing generates a lot of downforce with the negative effect of producing drag, which reduces the race cars top speed and acceleration. Therefore, the wing design must be balanced correctly to generate optimum downforce with minimal drag. However, if the material of the wing allows for some flex, the downforce at high speeds will rotate the wing so that the planes are flattened against the airflow, lowering the angle of attack, and reducing drag as the car accelerates. As the car slows down into corners the wing will move back to its original position, increasing drag and downforce as explained by (Somerfield, 2021). However, to prevent any advantage gained by flexible rear wings the FIA has implemented load test requirements on the rear wings of Formula One cars in its technical regulations. (Fédération Internationale de l'Automobile, 2022) states that “The rear wing mainplane may not deflect more than 6mm along the loading axis and 1.0 in a Y-plane, when two loads of [0, 0, -1000]N each, applied simultaneously to the rear wing profiles”. 
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Figure 3: Example of how a Rear wing flexibility test is conducted (Somerfield, 2021).

Future developments are being made by multiple Formula One teams to meet the requirements of the FIA load testing but also maintain the ability for the wings to flex under higher loads. Therefore, designers are beginning to implement aero elasticity techniques to improve the performance of their rear wings. Aero elasticity is a phenomenon in which the bodywork flex to alter their aerodynamic characteristics (ScarbsF1, 2010).

[bookmark: _Toc139217978]Simulating Fluid Flow
The most advanced and technical modelling technique used to simulate fluid flow around the wing is CFD. Computational fluid dynamics uses computers to produce quantitative predictions of fluid flow based on the conservation laws such as conservation of mass, momentum, and energy (Hu, 2012). CFD uses a mathematical model to predict the physics of a fluid based on the Navier-Stokes equations with additional input terms added where necessary. As (SimScale, 2023) suggests that the proper operating conditions, numerical methods, and physics should be considered to obtain accurate results efficiently. (Cadence, 2023) explains that CFD is one of the most cost-effective methods for simulating automotive aerodynamics and fluid flow, as computer models and data are used to run simulations without the need for expensive prototypes or equipment. 

The CFD simulation process involves three main steps to generate results. Firstly, there is a pre-processing stage that involves generating 3D geometry of the object that is to be simulated, in this case the rear wing. The geometry is then broken up into small cells in a process called meshing. Due to the complex geometry of the rear wing a numerical method is required to simulate the fluid flow, which requires a grid of points to define the solution space in which a system of partial differential equations can be solved (Cadence, 2023). The meshing is applied to both the body and boundary. The meshing grid density determines the accuracy however, the greater density of meshing the greater the accuracy of the fluid flow but will also require more computation time. Therefore, a balance between accuracy and time to compute must be achieved by adjusting the mesh density (Spatial, 2022). The CFD software will then begin to solve the numerical equations using the meshing and any environmental inputs, this may take significant time for large complex geometries. The results of the processing can then be analysed visually, qualitatively, and quantitatively using reports and 3D images. For example, (Autodesk, 2018) CFD software offers visualisation outputs that can display output quantities such as velocity or pressure of the fluid and run animations of the fluid flow around the object.
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Figure 4: Comparison of air flow around a rear wing aerofoil when the car is travelling at different speeds using CFD software (Lee, 2019).

There are many advantages of using CFD to simulate the fluid flow around the wing. Firstly, CFD has a relatively low cost especially when compared to physical testing which can be very expensive. CFD is also faster to conduct as simulations can be executed in a short amount of time. Fast processing allows engineering data from CFD such as fluid flow around the wing to be introduced early in the design process. This is supported by (Jiyuan, et al., 2023) that states CFD is a cost-effective method of simulating real fluid flow and substantially reduces lead times and costs during the design phase. Another advantage of CFD is the ability to simulate real life and ideal conditions. Many real-life fluid flow processes cannot be easily tested physically or allow the ability to isolate specific phenomena for study such as very high temperatures, velocities for example, hypersonic flow. With the use of CFD any physical condition can be theoretically simulated. (Bakker, et al., 2001) supports this by stating CFD can be used when little or no current experimental data is available to provide comprehensive data that would otherwise not be easily attained from experimental tests.

There are also some disadvantages to consider when using CFD to simulate fluid flow. Firstly, CFD relies on physical models of real-world processes such as turbulence and chemistry. Therefore, they are only as accurate as the models they are based on. (Andersson, et al., 2012)  states that CFD can be a very uncertain tool as the results of simulations are based on physical models and therefore, to obtain reliable results a model must be chosen with logical methodology. Another disadvantage of CFD is the inevitability of numerical errors. Solving equations on a computer will introduce numerical errors such as round-off errors. Computer round-off errors develop due to the finite accuracy and computational power of computers and are impossible to avoid. However, they can be small they will still present an error (Wallevik, et al., 2014).

[bookmark: _Toc139217979]Understanding Fluid Flow Using a Wind tunnel
To understand the fluid flow around the rear wing a physical experiment can be carried out using a wind tunnel. A wind tunnel produces a controlled stream of air which can be used to study the effects of the rear wings resistance to moving air (Britannica, 2023). Formula One teams use closed loop wind tunnels to analyse fluid flow. A closed loop wind tunnel is a continuous circular system that generates air flow using a drive fan, that directs and maintains smooth and steady airflow around the race car. The wind tunnel is designed to maintain laminar flow by utilising smooth tunnel walls, turning vanes as it bends and a settling chamber. The tunnel also expands before gradually contracting to the testing chamber to increase the velocity of the air around the race car (Straw, 2022).

According to the (Fédération Internationale de l'Automobile, 2022) all wind tunnel testing must not be carried out using a “scale model and RATG which is greater than 60% of full size” and “a wind tunnel air speed exceeding 50m/s”. Therefore, a scale model of 60% or even 50% of the rear wing would be required. For a more accurate analyse of the fluid flow around the rear wing it would be necessary to assemble it to a full car assembly. The car will be held in place with a long vertical and horizontal arms at wheels, with the wheels rotating freely on a rolling road. This is used to simulate the track moving under the car so that the windspeed is matched, if not the airflow would be inaccurate and stick to the floor instead of the body of the car (MTS Systems, 2021). 

There are many methods that can be used to obtain results regarding the airflow in a wind tunnel such as smoke visualisation. This involves introducing smoke upstream of the tunnel to observe the airflow over the rear wing using high speed cameras. Although this gives a quick and easy way of observing the behaviours of the boundary layers, it is difficult to conduct with introducing turbulent flow and therefore, inaccuracies (Mahmood, 2011). However, there is a more accurate less disturbing method called particle image velocimetry. This involves introducing light smoke into the wind tunnel with the same density as the air, so it flows accurately. Once the smoke particles are fully circulated as laminar flow, the air flow over the car can then be strobed using laser light and photos taken. A computer algorithm is then used to track the particles movement between the images, which can then display the air movement as an image of air velocity and direction around the rear wing (Kelnberger & Schwitzgebel, 2023). 

PIV will also allow for easier comparisons from the physical wind tunnel tests to the CFD simulation results. As (De Groote, 2011) explains that the velocity, magnitude, and vortices from PIV measurements can be plotted onto visual tecplot software and then compared to the CFD results that can be exported and plotted onto the same software. Therefore, providing direct visual and statistical comparisons to both methods. 
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Figure 5: Particle Image Velocimetry testing in a wind tunnel for a wing profile (TUDelft, 2023). 
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