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[bookmark: _Toc139196880]The Reynolds number and why it is crucial.  


The Reynolds number is a dimensionless quantity; this is used to characterise the flow, typically a liquid or gas, around an object (Czernia, 2023). It was named after Osborne Reynolds, who introduced the concept in the nineteenth century. The Reynolds number is defined as the ratio of inertial forces to viscous forces (Foster, 2022) and is expressed as the following: 






Where:
·  Re is the Reynolds number.
·  is the density of the fluid in kg/m3
· is the velocity of the fluid in m/s
· is the characteristic length of the object in m. ( in this case, the chord length of an airfoil)
·  is the dynamic viscosity of the fluid in  

The Reynold number is significant because it helps determine the type of flow regime around an object. It is commonly used in fluid dynamics to predict the behaviour of fluids, especially when the flow transitions from laminar to turbulent. When the Reynolds number is low, the flow is generally laminar, which means the fluid moves smoothly and in layers without significant mixing. In this regime, the flow is predictable and exhibits low turbulence levels. A laminar Reynolds number is observed at a value of up to 2300, where the fluid flows at a low velocity and has a smoother flow path (Cadence CFD, 2022). 

[image: Turbulent and Laminar Flow]Figure 1- Laminar and Turbulent Flow (www.education.com, 2023.)



On the other hand, when the Reynolds number is high, around 4000, the flow tends to become turbulent. The turbulent flow is characterised by chaotic and irregular motion with increased mixing of fluid particles (MechStudies, 2023). 
With an F1 rear car wing, the Reynold number is vital to achieving better aerodynamic results. Depending on the Reynolds number, the flow around the wing can change from laminar to turbulent. The flow is typically laminar at a lower Reynolds number, and the wing experiences a relatively lower draw and a decrease in turbulence. This is advantageous for lowering aerodynamic draw and maintaining stability.   However, the Reynold number increases as the car’s speed increases, and the flow may transition to a turbulent regime. In turbulent flow, there is more mixing of fluid particles, which can lead to increased draw and separation of flow from the wing surface. This can result in reduced downforce and decreased overall aerodynamic efficiency. 
To optimise the efficiency of the rear car wing, engineers would consider the design and orientation of the wing, as well as the operating conditions, to ensure that the flow remains attached to the surface as long as possible, minimising drag and maximising downforce. Controlling the Reynolds number is crucial in achieving this goal. Depending on what conditions a racetrack consists of, whether it has a low number of corners or bends will dictate how much downforce could be required. The Reynolds number is crucial to understand the flow characteristics around the F1 car wing; it helps determine whether the flow is laminar or turbulent. With this knowledge, engineers can choose the optimal design to improve aerodynamic performance, reduce drag, and optimise downforce. 



The following assumptions must be made to calculate the Reynold number to determine the flow around a rear car wing.
· The fluid viscosity and dynamic viscosity can be estimated based on typical values for racing conditions. 
· The chord length of the rear car wing ( aerofoil) will be 350mm, the standard length during the 2020 F1 season as mandated by the FIA Formula One Technical Regulation (Zhou, 2020). 
· In 2022, the average velocity of a Formula 1 car was 138MPH or 61.9m/s (Professionals HQ, 2023). 
· The standard density of air is 1.223kg/m3 at sea level and 15 degrees C, according to Helmenstine (2020)
·  The viscosity will depend on the temperature; at 15 degrees C, the viscosity of air is 1.81 x  kg/m*s (Edge, 2023). 


Therefore: 









A Reynold number of 2,975,415.47 indicates that the flow around the car, particularly the rear wing, is likely to be in the turbulent region. This causes issues such as drag, mixing of the boundary layer and impacting the performance of the rear wing. 
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As Al- Shemmeri (2012)  explains, "the boundary layer appears on the surface of bodies in the viscous flow because the fluid seems to stick to the surface.”  In F1 terms, the boundary layer is a thin layer of fluid, in this case, air, that forms as the car is immersed in a moving fluid. Witheridge( 2020) explains that within the boundary layer, the velocity of the air ( relative to the wing) will rise from zero to immediately adjacent to the wing’s surface to the untouched air speed at the outer edge of the boundary layer. 
[image: A diagram of a boundary layer formed on an aerofoil surface

Description automatically generated with medium confidence]Figure 2- Boundary layer formed of an aerofoil. (Witheridge, 2020)



If the fluid flow is laminar before it meets the race car, a laminar boundary will form later, and if the fluid flow is turbulent, the boundary layer will be turbulent. Though the transition between laminar and turbulent flow is almost certain to happen on the wall surface at some point, on F1 cars, this happens all over the car due to car speeds, pressure gradients and length of car parts, including the rear wings (Tec-Science, 2021). 






In a perfect situation, the boundary layer remains attached to the wing’s surface, maintaining a smooth and streamlined flow. This attached flow allows the wing to generate downforce effectively, which is the whole purpose of the rear wing. However, certain factors can influence the behaviour of the boundary layer, which could result in separation. 

· The angle at which the rear wings meet oncoming airflow can affect the amount of separation that occurs; raising the angle of attack can improve the downforce initially, but beyond a certain point, it can cause separation. At higher angles of attack, the airflow’s ability to follow the wing’s shape weakens, leading to a separation point and subsequent flow (Kämpf, 2017). 

· Flow conditions such as viscosity, atmospheric air, and speed can affect the boundary layers’ behaviour. For example, momentum makes the boundary layer more susceptible to separation at lower speeds. Additionally, changes in conditions such as crosswinds or turbulent air can influence separation tendencies. 





In Figure 3, shown below, the aerofoil has higher pressure acting on the top and lower pressure on the bottom, resulting in downforce. Due to this, the air moves at a higher velocity on the bottom, separating the boundary flow from the aerofoil as it cannot follow its shape. This causes low pressure at the back of the wing, and as high pressure always wants to move to lower pressure, this causes vortices and turbulence at the back of the wing, as highlighted below.  



Figure 3 Jain, V. (2020) How rear wing or spoiler of Car Works ?
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Adding a slot in the wing, as shown in Figure 4, as many of the F1 cars currently have, can significantly change the airflow. The slots help by controlling the boundary layer, and introducing slots in some wing regions can help manipulate the airflow. The slots allow high-energy air from the wing’s upper surface to flow through and mix with the slower-moving air in the boundary layer, delaying separation and reducing turbulence. This improves the overall aerodynamic efficiency of the wing (Witheridge, 2020). 
The slots have been incorporated within the wings to maintain attached flow over the wing’s surface; this helps prevent early separation of the boundary layer by allowing air to flow through the slots and re-energise the boundary layer. This delayed separation promotes smoother airflow over the wing, reducing drag and enhancing downforce generation (Race Car Engineering, 2020).
[image: A picture containing text, line, design

Description automatically generated]The slots also reduce drag on the rear wing by forcing some of the high pressure from the lower surface to the upper surface through the slots; the pressure difference between the upper and lower surface is reduced. The reduction in pressure difference decreases the wing’s drag, thus improving the car’s straight-line speed, thus shown in Figure 5.  Figure 5 - (Racecar Engineering, 2020)

[image: A wireframe of a bench

Description automatically generated with low confidence]	Figure 4 slotted rear wing (Katz, 2006)
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Performance of Carbon Fiber in F1 rear wings.


Carbon fibre is widely used within F1 racing, especially for the rear wing; one of the key benefits of using it is that it helps improve the downforce; carbon fibre allows designers to design intricate wing shapes and profiles, which can help generate high levels of downforce compared to other traditional materials (Maverick, 2023). The lightweight material helps create larger wing surfaces, increasing downforce without significantly increasing the car’s overall weight. This enhanced downforce helps improve traction and grip, allowing the race car to maintain higher speeds through corners and curves. Fagnan (2018) mentions that in the mid-’60s, Jim Hall fitted a large, massive wing onto his Chaparral 2 F, which was mounted onto the wheel hubs. This would be made from bend sheet steel, a far heavier wing at around ten kilograms compared to the modern carbon fibre wing, currently two to four kilograms (Rimmer, 2022). 
[image: Chris Amon, Ferrari 312]Figure 6 Chaparral 2F . Fagnan (2018)




The excellent resistance to heat makes carbon fibre another reason why it is commonly used. This makes it suitable for race car applications involving high temperatures, such as on-track performances or extreme weather conditions. Carbon fibre can withstand up to 2000℃, making it an excellent material for the heat within the F1 car engine that reaches 1000℃ during a race (Opong, 2022). Carbon fibre does not corrode; this resistance to corrosion makes carbon fibre composites suitable for use in race environments, prolonging the use of the material.  



As Carbon Fibre has an excellent strength-to-weight ratio, it is significantly stronger than aluminium whilst being much lighter. This property makes carbon fibre ideal for applying the wing where weight reduction is crucial. The reduced weight improves traction, performance, acceleration, and shorter braking distance. That makes the car more agile in terms of handling. The material also exhibits high stiffness, contributing to its excellent structural integrity. The stiffness allows carbon fibre components to maintain shape and resist deformation under load, improving performance and stability, unlike metals previously used. In the table shown in Figure 6, when compared to 6061 Aluminium and 4130 Steel, Carbon Fibre is far superior in terms of stiffness and strength. 4



[image: A picture containing text, screenshot, font, number
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Figure 6 Table of materials used for rear car wing. 
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Whilst there are many positives to using carbon fibre, there are also several implications to using the material. Firstly, there is a high cost when using carbon fibre compared to previous materials such as aluminium. Using carbon fibre to make repairs and replacements can be more costly, impacting Formula 1's team budget. Carbon fibre parts cost more than aluminium ones due to the time-consuming process when manufacturing carbon fibre, and carbon fibre also costs more (Dexcraft, 2019). Opong  (2022) shares that during the global pandemic in 2020/2021, the demand for carbon fibre outgrew the supply, further increasing costs.
Secondly, repairing carbon fibre parts when damaged is a complex task; specialised knowledge is required to carry out the repair, which is time-consuming and costly. In some scenarios, when a part such as a wing is damaged, they will replace the whole part rather than repair it, increasing the cost of parts and production. 
Although there are negatives when using carbon fibre for Formula 1 parts, which are mainly cost related, it is essential to mention that carbon fibre offers good performance in terms of weight savings, strength, and aerodynamics, often justifying the investment, especially in Formula 1 where every small performance gain matters. Race teams will cautiously evaluate the trade-offs between cost and performance and the specific requirements for their racing programs to determine if carbon fibre is the most suitable choice for their rear wing.
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[bookmark: _Toc139196885]Computational Fluid Dynamics 

One of the primary modelling techniques mainly used in F1 is computational fluid dynamics, otherwise known as CFD. CFD is a numerical approach simulating fluid flow and its interaction with solid surfaces. It involves dividing the flow domain into a grid of small cells and solving governing equations of fluid motion using numerical methods. CFD allows for detailed airflow analysis around the rear wing, including pressure distribution, velocity vectors, and aerodynamic forces.
[image: A picture containing LEGO

Description automatically generated]Figure 8 Grabacad (2020) Simulation of a rear car wing. 


Figure 8 is an image created on CFD, which tracks the streamlines from the bottom/centre plane of a rear car assembly. This visualisation can give an idea of the upwash effect introduced by the rear wing of Formula 1 (Grabacad, 2020). 

Some of the advantages of using CFD over other methods are its cost-effectiveness. CFD simulations are mostly more cost-effective than a physical wind tunnel for testing. CFD eliminates the need for expensive wind tunnel facilities, model manufacturing and instrumentation, thereby reducing overall testing expenses. 
Another advantage would be quickly altering and modifying the virtual environment when testing a component. Design changes to the rear wing geometry, angle or other parameters can be quickly evaluated rapidly to optimise aerodynamic performance. The use of CFD also gives an enhanced visualisation of flow patterns and characteristics; this visualisation aids in identifying areas of high or low pressure, flow separation and turbulent regions. As previously discussed, these areas are vital in optimising the rear wings' performance. 


Unfortunately, there are also disadvantages when using CFD. CFD simulations rely on accurate modelling assumptions and numerical methods. Larsson et al. (2005) argue that the results' accuracy highly depends on the mesh quality, turbulence models, and other modelling choices. It is crucial to validate the CFD results against experimental data to ensure the reliability of the simulation. If meshing is a low standard, it will affect the overall results. 

[image: A picture containing wheel, playground, art, car

Description automatically generated]Figure 9 - C23 full car simulation solution sample showing mesh resolution around the car Larsson et al., 2005



Another weakness is computational availability. CFD simulations can be computationally demanding, requiring high-performance computing resources and extensive simulation times. The rear geometry's complexity, the required detail level, and the desired accuracy can significantly impact computational requirements. 
CFD also requires simulations to be verified and validated against experimental data to ensure accuracy and reliability. This requires access to reliable experimental data from wind tunnel testing or on-track measurements, which can sometimes be a limitation. 







[bookmark: _Toc139196886]Wind Tunnelling

[image: 2021 F1 car wind tunnel model]Wind tunnelling is an essential type of modelling for aerodynamic analysis on a Foruma1 car. Scale models of a rear wing can be tested in a controlled win tunnel environment to measure the actual aerodynamic forces and visualise flow patterns. Wind tunnel testing provides realistic data that can be used to validate and improve the accuracy of computational simulations. Figure 10 shows a 2021 Formula 1 car wind tunnel model. Blackstock (2020) highlights that “modern wind tunnel models are predominantly fifty per cent of the size of the actual car"; because of this, the Reynolds number will have to be doubled to have the actual number. Figure 10 Formula 1 car wind tunnel model www.racefans.net


Wind tunnels have been seen as such an advantage that “From 2022 onwards, the allocations reduced for all bar the 9th- and 10th-placed teams. The top team would receive 70%, which sees their allocation drop to 28 weekly runs. The 9th-placed team would receive the same allocation as the previous year, while the 10th-place team will see an increase by one run to 46.” (Barretto2020). This aims to help the teams finishing lower in the tables gain more time in the wind tunnels, which should benefit them with more access to data to improve their car. 

Wind tunnels' advantages are that they can provide realistic flow conditions, replicating real-world flow conditions. This will include velocity turbulences and atmospheric effects; with these conditions available, engineers can study the wing performance in a controlled environment that resembles real-life track conditions. 
The second advantage of using wind tunnels is that they help allow for direct measurements that validate the aerodynamic forces and flow characteristics around the rear wing. It displays physical data that can be used to verify and validate computational simulations, ensuring the accuracy and reliability of the results.
Wind tunnelling also physically studies interactions between the rear wing and other components, such as the front wing, body, or suspension. This provides an insight into the car’s overall aerodynamic performance and helps optimise the integration of the rear wing with the rest of the vehicle.
A significant disadvantage of using wind tunnels is the cost. Wind tunnel costs are incredibly high due to the associated costs, such as facility rental, model manufacturing, instrumentation, and data acquisition equipment. Additionally, operating wind tunnels and conducting tests require specialised expertise and dedicated resources. The wind tunnels' cost would also affect how much time they can be used. Wind tunnel test sessions are typically limited due to cost and scheduling considerations. Due to this restriction, the number of test cases that can be conducted is limited, potentially affecting the thoroughness of the analysis required. 
As mentioned before, the models are usually fifty per cent smaller than a real-life Formula 1 car; because of this, some uncertainties and potential inaccuracies can occur. Furthermore, wind tunnel walls and other boundary conditions can affect the flow field around the rear wing, theoretically influencing the result. 
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[bookmark: _Toc139196888]Computation Fluid Dynamic testing. 


1. An accurate computational domain representing accurate surroundings and environment must be obtained so the model can be tested, such as a wind tunnel environment. A high-quality mesh is needed to capture relevant flow features near the modelling component. 
2. Boundary conditions, such as the inlet velocity, turbulence models and wall conditions, must be defined during simulation. These need to match experimental conditions to ensure accurate comparisons. 
3. Simulation results must be recorded and analysed using visualisation techniques to compare flow patterns acquired through simulation. 
4. By comparing CFD  results with experimental data obtained from wind tunnelling, statistical analysis can be performed to quantify data showing any connection or inconsistency between the two.  

[bookmark: _Toc139196889]Wind Tunnel Testing. 

1. The prototype will be tested using a wind tunnel facility with a test section that accommodates the prototype part. The wind tunnel must be calibrated appropriately, and the flow conditions must be structured and repeatable. 
2. The part being tested must be made from the desired material that is intended to be tested for the final product. Results will be inaccurate without the specific material with the correct dimension, surface finish and representative features. 
3. Installation of appropriate instrumentation on the component, for example, pressure taps, hot-wired anemometers or even force sensors, will help to measure the relevant parameters during the experiment. Proper calibration and positioning of instrumentations are critical. 
4. A comprehensive test matrix must cover a range of operating conditions, including different angles of attacks, arrangements, and velocities.
5.  The data collection plan must be constructed with the data provided by the instrumentation, measuring data such as aerodynamic forces, velocities, and flow visualisation. With this data, it will help when modelling using CFD.  
6. The data collected from the above point allows testers to compare data to CFD modelling, analysing characteristics such as drag and downforce. Carry out statistical analysis to quantify the results between both simulations. 
7. Lastly, there will be a need to assess any discrepancies between the experimental and simulation data, identifying areas for improvement in the wind tunnel setting by adjusting the model being used, adjusting boundary conditions or modifying the environment it is being tested under.  

By adhering to these steps and considerations in wind tunnel testing or CFD simulations, testers can conduct a practical laboratory experiment to understand the fluid flow around the prototype component and compare it with the simulation. This iterative process helps refine the design and optimise the performance of the F1 rear wing. 
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High pressure flow is bled to
lower edge to increase velocity and
prevent separation
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Aslotted rear wing [1]
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Material Specific Stiffness Specific Strength
Carbon Fibre 200MsI 1800KSsI
6061 Aluminium 100MSI 350 KsI
4130 Steel 100MSI 417 KSI





image8.png




image9.png




image10.jpeg
BT S ,




image1.png
Laminar

Turbulent

—
S
— =
—= =
—_—< @ =
-
= @ ==
—_— ==




image2.png




image3.png




