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This report will analyse and evaluate the fluid flow around a race car’s rear wing, typically used in Formula one racing. The Rear wing of a formula one’s race car is a major aero-dynamic element used for altering the airflows in and around the car, while reducing the drag and also preventing lift and generating downward force, known as downforce. (Suresh, 2021)
Graham Hill’s Lotus 49 formula one car was the first formula one car to feature a rear wing in 1968. The wing was designed by Colin Chapman and Maurice Phillipe. This small, low mounted, inverted wing produced negative lift (downforce) and enhanced the car’s ability to travel around corners at higher speeds. (F1 History, 2014)
A rear wing is made up of two sets of aerofoils connected to each other by two end plates. The top aerofoil is generally made up of three elements, with the bottom made up of one. The end plates not only hold the aerofoils in position, but also prevent the air from spilling off the sides of the wing. (Dashrath, 2014)
When designing a race car’s rear wing, the designers would need to consider many factors, including Reynolds number, the boundary layer, and what materials the wing will be made from. Figure 1 shows an example of a race car rear wing. 
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Figure 1 (Lake, 2023)

A Formula one car’s rear wing is positioned high up on the rear of the car and typically features an asymmetrical aerofoil shape. As this is normally the highest part of the race car and as it is spanning the full width permitted by the FIA. The wing is designed to increase the car’s stability and balance, while providing increased downforce and reducing lift when travelling at higher speeds. The rear wings height helps it capture air traveling off the race car and redirects it up, forcing the back of the car down (downforce). With this increased downforce, the driver is able to travel around corners at higher speeds. (Medai, 2021) 
[bookmark: _Toc139223424]Reynolds Number
In fluid dynamics, the Reynolds number (Re) is an important parameter that helps determine the fluid flow around an object. This number is named after the 19th century scientist Osborne Reynolds, a scientist that studied fluid dynamics.

The Reynolds number is the ratio of inertial forces to viscous forces and has a dimensionless number. This number is used to categorise the fluids’ systems in which the effect of viscosity controls the velocities or the flow pattern of a fluid. (Rehm, 2008)
Mathematically, the Reynolds number is expressed as:





· Inertial force is the force due to the momentum of the fluid. The denser the fluid, the higher its velocity and the more momentum (inertia) it has.
· Viscous forces are frictional shear forces. They appear due to the relative motion of different layers in a flowing fluid. This results in a different amount of friction, therefore, different viscosity values. (Mechanic, 2013) The equation translates to:




· ρ is the density of the fluid,
· V is the velocity of the fluid relative to the object,
· L is a characteristic length of the object (such as the chord length of a wing),
· μ is the dynamic viscosity of the fluid. (Rehm, 2008)

The importance of the Reynolds number is in its ability to classify flow regime. It helps determine whether the fluid flow is Laminar or Turbulent. Regarding a formula one car’s rear wing, the Reynolds number determines the behaviour of the fluid flow. If the number is lower, then the fluid flowing around the wing will be smoother (laminar), resulting in more predictable flow patterns and lower drag. If the number is higher, then the flow around the wing becomes turbulent. This turbulent air will increase drag but also increases the effectiveness of downforce by managing the boundary layer and reducing separation. (F1 Dictionary, 2023; Grover, 2023)

Laminar flow is when the fluid flow moves in straight lines and is demonstrated in figure 2. Turbulent flow is not smooth and follows an irregular pattern with a lot of mixing (figure 3).
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Figure 2 (Lewis, 2023)				Figure 3 (Lewis, 2023)

The fluid flow is said to be laminar if the Reynolds number is low (less than 2,300), and the fluid flow is said to be turbulent if the Reynolds number is high (greater than 2,300). (Rehm, 2008)
[bookmark: _Toc139223425]Calculation
For example, the Formula one season typically follows the summer around the world, so if the air density and viscosity is taken for 20 ֯ C and the average top speed for a car over a race season is taken to be 200mph, along with the 2020 regulated chord length of a car’s rear wing (350mm), the Reynold number (Re) can be calculated as:

[bookmark: _Hlk138601546]

· [bookmark: _Hlk138601528]ρ = density of air at 20 ֯ C = 1.204kg/m³ (Edge, 2023)
· V = average F1 car top speed over a season, 200mph = 89.408 m/s (Mrkonjic, 2022)
· L = regulated chord length of a F1 car’s rear wing in 2020 = 350mm (Zhou, 2012)
· μ = dynamic viscosity of air at 20 ֯ C = 1.6 ×  m²/s (Ewing, 2022)




This Reynolds number of 2,354,783.2 dictates that the air flowing around the race car’s rear wing is turbulent when the car is travelling at its average max speed of 200mph.
Engineers use computational fluid dynamics (CFD) simulations and wind tunnels to analyse the fluid flow around the rear wing, obtaining more accurate Reynolds numbers.

[bookmark: _Toc139223426]Boundary Layer
A boundary layer can be described as “A thin layer of static to slow moving air adjacent to the surfaces of a moving body.” This layer of air is in close contact to the race car’s bodywork. As this air moves over body, the air closest will stick to the surface, slowing the airflow and building up into a layer (boundary layer). As this layer continues to build along the surface length of the race car, the airflow will become turbulent, and separation will occur. (F1 Dictionary, 2023)
This turbulent air is an undesired characteristic, as this increases drag and has a negative impact on the efficiency of the car and the airflow up and down-stream of it. (Dashrath, 2014) Figure 4 shows a boundary layer building up around a race car’s wing.
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Figure 4 (Somers, 2013)

The angle of the rear wing is important too. The angle of this wing (known as the angle of attack) will dictate how the aerofoil passes through the air. If the angle of attack is increased, the airstream is deflected, which causes an upward (or downward pressure, depending on the position of the longer surface of an aerofoil) pressure on the underside or upper side of the aerofoil. This will then increase the speed of the air flowing over the longer side of the aerofoil and decrease pressure on the aerofoil’s top side. The upward pressure on the foil's underside and pressure reduction on the top side combine to furnish lift or downforce. (Matulja, 2023) 
Due to FIA regulation 3.10.1.b.i, the rear wing must be made up of two sections of aerofoils. These are connected to each other by two rear wing end plate bodies. Designers will allow for a small slot between the aerofoils, and depending on the setup, this slot can either speed up or slow down the air flow over the wing. (FIA, 2023b)
Figure 5 is an example of air velocity increase with a convergent slot in rear wing. The air velocity through a single cross section (with variable height) can change reversely proportionate to slot height. In other words, convergent slot will accelerate the flow, divergent slot will decelerate it.
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Figure 5 (Hasanovic, 2018) 				Figure 6 (Hasanovic, 2018)

Figure 6 shows an example of air pressure drop with a convergent slot. In front of convergent slot there will be an increase in pressure and behind the slot will there be a decrease in pressure. This explains the upwash of air coming off the rear wing, acting on it with downforce, causing the air to react upwards. This is the opposite of an aircraft wing, which would require lift. Although there is an increase in downforce, there is the negative impact of drag. These adjustments will be carefully monitored and adjusted differently for different circuits. (Hasanovic, 2018)
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Figure 7 (Dashrath, 2014)					Figure 8 (Nisa, 2021)

This airflow in an upward direction is clearly shown in figure 7 and 8. Tanaya Dashrath and Jannat Un Nisa’s images of air flow over a race car’s rear wings, align with Vanja Hasanovic’s previous images. Air flowing off the back of the wing in an upward direction creating downforce.
By creating early separation of the boundary layer, the designers can reduce lift on the rear of the race car and therefore increase downforce, but with this advantage, come the disadvantage of drag.

[bookmark: _Toc139223427]Carbon fibre
The introduction of Carbon Fibre Reinforced Plastic (CFRP) in 1981 opened up a new era for Formula one and looks set to play a key part in shaping its long-term future too. Just like with every other area of today’s formula one machinery, teams are constantly looking for marginal gain improvements to help make them winners. In 1981 the McLaren team introduced a carbon fibre chassis in their new MP4/1 car. This turned out to be a major turning point in formula one for many reasons, including driver safety and race car performance. (Gul, 2020)
Carbon fibre makes up several key parts of the race car, including the front and rear wing. This material is taken down to its most basic element, making things lighter, and stronger to ensure that every part is totally fit for purpose. (Noble, 2022) Its optimal stiffness to weight ratio is what makes it a perfect solution for the manufacture of formula one racing cars. This has been the most dynamic technological development in human history, and over the last 40 years of its use in formula one, no other material has been used to replace it. (Itechfy, 2023) As the mass of the car, without fuel, must not be less than 798kg, engineers will endeavour to get the car as close to this target weight as they possibly can by using strong lightweight materials, such as carbon fibre. (FIA, 2023a)
Carbon fibre is a lightweight and durable material that provides high stiffness and excellent fatigue resistance. When using carbon fibre, the weight of the wing can be significantly reduced while it maintains its structural integrity. This aid’s improved performance by significantly reducing the weight of the car, resulting in improved acceleration and better handling.
Carbon fibre spare parts can be quickly produced, with moulds ready for manufacture. This can significantly cut down production time to one to two days, compared to traditional milling of an aluminium block, which could take four to five days. Along with its quick manufacture time, carbon fibre has excellent design flexibility and can be moulded into complex shapes while being integrated with other materials. (Itechfy, 2023)
An additional advantage to using carbon fibre is its safety properties. Carbon fibre offers outstanding shock absorbing properties by using a multi-layer honeycomb structure that can absorb an impact.
Carbon fibre has many advantages, but even though it can be manufactured into complex shapes, it can be very delicate. Carbon fibre can absorb impact but is easily damaged. If there is any coming together with another vehicle on track, it is more than likely to fail/break. (Lewis, 2023) When parts are damaged, they can be manufactured quickly, but this comes at a significant cost as carbon fibre is very expensive. (Klein, 2014) Carbon fibre costs around twenty times the price of steel and ten times the price of aluminium. (Harris, 2017) Where once, formula one teams may have only been interested in performance, the FIA has since introduced a cost cap regulation, meaning that good value for money is essential. (Noble, 2022)
Carbon fibre can also be sensitive to UV light/radiation. As the formula one season follows the summer around the globe, majority of the races are run in elevated temperatures in sunny conditions. Overtime, the resin that holds the carbon fibres together can be degraded by UV light and can lead to the surface of the carbon composite part to degrade over time. This may be more of a disadvantage to everyday use rather than a formula one team, who can afford to change their components when needed. (Boey, 2023)
In recent years, there has been significant development for a greater use of carbon fibre parts in electric motors. These can contribute to less inertia and higher rotational speeds of internal components, allowing them to spin up (accelerate) and slow down (brake) much faster. (Noble, 2022) With such a breakthrough in material development, this could allow the race car to accelerate quicker and brake later into corners, giving the driver a distinct advantage. (Lewis, 2023)

[bookmark: _Toc139223428]Modelling Techniques
There are several complex techniques used by formula one teams to stimulation the fluid flow around a race cars rear wing. This requires advanced computational fluid dynamics (CFD) software to fine tune the car’s aerodynamics.

Wind tunnel testing
The first wind tunnel was built by John Browning at Penn's Marine Engineering Works in Greenwich, England in 1871. (Frederiksen, 2022) Aerodynamicists will use wind tunnels to replicate real-world simulation of how air passes around an object/component. During a wind tunnel test, the model will be placed in the test section and fluid (air) is made to flow past/around it. In some wind tunnels, the aerodynamic forces are measured. Force measurements will typically require some post-test processing to account for Reynolds number or Mach number effects on the model during test by computational fluid dynamics (CFD) software. Figure 9 is a typical example of a wind tunnel in use. Engineers will usually use several dynamic sensors such as pressure sensors, force sensors, strain gauges, and microphones to monitor results during this test. These sensors are organised by speed classification, from subsonic condenser microphones to shock sensors for studying boundary layer transition of hyper-sonic re-entry vehicles. The sensors are usually located close to the model/component itself. (Frederiksen, 2022; Nasa, 2023)
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Figure 9 (Frederiksen, 2022)

Wind tunnels can provide extremely accurate results under well controlled flow circumstances. Variables can be adjusted easily during testing and can be replicated at will. Accurate data generation can be easily achieved for validating the Computational Fluid Dynamics (CFD) simulations. Although this testing seems to be close to a perfect simulation, this testing does have its downside. Wind tunnel testing has extremely high operating costs and is an extremely noisy operation. There can sometimes be a possibility of poor flow quality in the test section. Flow turning the corner into the bellmouth may require extensive screens or flow straighteners to improve the accuracy of the results. (Aithor, 2020)

Drag and Lift Analysis
Computational fluid dynamics (CFD) can be used to analyse the flow over the air foil and calculate the lift and drag forces applied to the race cars rear wing. These forces can be manipulated by adjusting the angle of attack of the rear wing. By adjusting this angle of attack, the drag coefficient and lift force can be arranged to suit a particular track or driving style. These forces directly affect the race cars performance and handling. CFD is employed to calculate the drag and lift forces acting on the race car. These forces directly affect the car's performance, top speed, and cornering ability. By optimizing the aerodynamic design using CFD, engineers can reduce drag and enhance downforce. (Prudhvi Raj et al., 2018)

Mesh Simulations
A mesh simply breaks down the object into smaller cells that have the ability to give a more accurate geometry of the object. As race cars are in motion, a moving mesh simulation could be used to account for the car's motion and the resulting changes in the flow field. The higher the density of the mesh, the more accurate the results produced, although, this comes at a cost. For a denser mesh, a greater disk space is required for the software to process the results and the computational speed will be slowed down. Figure 10 shows a mesh of a car to be analysed, with a denser mesh surrounding the surface of the car, where a more accurate fluid flow analysis is required. (Cadence, 2023)
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Figure 10 (Nath et al., 2021)
Analytical Solutions
Simple analytical solutions based on mathematical equations can be a more cost-effective way of offering an insight to the fluid flowing around the race car wing and its behaviour. This approach can be done quickly but will only provide approximate results. (Lewis, 2023)
[bookmark: _Toc139223429]Testing techniques
Although CFD can provide exceptional results, nothing can beat real world testing. 

Aero Rake
An Aero Rake is a piece of test equipment that formula one teams fit to a race car during pre-season testing to obtain real world results. The aero rake in figure 11, (fitted to the rear of a Red Bull formula one race car for testing the airflow over the rear wing in Catalunya in 2020) shows all the tiny little sensors/probes that measure air flow. 
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Figure 11 (RaceFans.net, 2020)

All the information collected can be transmitted back to the aerodynamicists in computerised form so they can understand the exact air flow around the rear wing. These results can be compared to the results collected during testing in the wind tunnel and can provide the aerodynamicists with a better idea of how to develop the car in the future. The downside to this piece of equipment, is that it is quite large and heavy. As well as its bulky size, the aero rake can be quite fragile and easily damaged, so care would need to be taken by the driver, as well as by the engineer while fitting and removing, adding to this already time-consuming operation. The data provided can be perfect, but not completely practical for performance running. (Palmer, 2021)

Pitot Tube
The Pitot Tube is generally fitted just above the nose cone on the front of the car but can also be used during testing at the rear of the car and sit in the middle of the rear wing, measuring the air flow and air pressure over the car/component. This is done by measuring the difference between the moving air pressure and the static air pressure in the tube. Figure 12 shows a Pitot Tube fitted to the front panel of Lewis Hamilton’s car. (Scarborough, 2014; Palmer, 2021)
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Figure 12 (Fagnan, 2014)

Flow-Vis Paint
Flow-vis paint is typically a fluorescent-coloured powered paint, mixed with oil and painted across any surface where information is required. When used on a rear wing of a race car, the paint is applied across the wing and the car driven around the track. The oil within the paint will evaporate very quickly, leaving the paint clearly showing the air flow around the wing. Aerodynamicists will then take photographs of the paint and compare the pictures with their results from previous testing. This technique can be applied very quickly and will not hinder the cars performance in any way. This is an effective way to obtain information on a performance run. Figure 13 shows Lewis Hamilton’s car with flow-viz paint applied to the rear wing during testing at Jerez in February 2015. (Scarborough, 2014; Palmer, 2021)
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Figure 13 (XPB Images, 2015)
Heat Sensitive Stickers
These stickers can be placed around the car to access what temperatures a particular component reaches during a performance lap. Heat sensitive ink displays the maximum temperature the sticker has been exposed to. If a component is not being air cooled during a lap and is overheating, the component could overheat and is likely to fail. These stickers would usually be used on a gearbox, brakes, and parts of the bodywork (figure 14). They could give a team an indication as to where a problem could occur during race conditions/hotter circuits. (Scarborough, 2014; Palmer, 2021)
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Figure 14 (Scarborough, 2014)












[bookmark: _Toc139223430]Conclusion
By following these steps, Designers can conduct laboratory experiments effectively and real-world tests to understand the fluid flow around the Formula one car's rear wing. By analysing both Real world and laboratory data, designers/engineers can improve the race cars rear wing design and the way fluid flows over it, to enhance its performance and help contribute to a faster, better handling race car on the racetrack, giving the driver and his team a competitive edge over their rivals.
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