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1. [bookmark: _Toc568304765]Reynolds Number

[bookmark: _Toc1732157802]What is the Reynolds Number?
The Reynolds number is a dimensionless quantity that compares the flow characteristics of a liquid or a gas (Czernia, 2023). In essences the ratio of inertia forces to viscous forces in fluid flow. The quantity is named after Osborne Reynolds and can be expressed through the following equation:


Where:
· Re- Reynolds number.
· - density of the fluid in kg/m3
· - velocity of the fluid in m/s
· - length of the object in m
· - is the dynamic viscosity of the fluid in Kgms

[bookmark: _Toc166148229]Why is it important?
The Reynolds number is important for a multitude of reasons, but its main use is usually to determine what regime a flow of liquid or gas is. Whether it is turbulent flow or laminar which describes the behaviour flow around objects or within pipes for example. In terms of race car wing design, it depicts the flow of air along the surface of the aerofoils and isolated regions around the wing. It is vital that the designers of the wings can interpret the flow regime around the wing as certain attributes can contribute towards the design. For example, laminar flow is very easy to predict with the air flowing in orderly layers around the wing with little drag generated as a result, the Reynolds number for laminar flow is <2300. However, as the air speed increases so does the Reynolds number and as a result a number >2300 will result the laminar flow will transition to turbulent flow. Turbulent flow is impossible to predict with randomised and irregular motion of the air which causes a large amount of drag forces.
The significance of the Reynolds number is to determine whether the flow of fluid is in the laminar or turbulent regime. Especially in terms of race car wing design to understand and try to optimise the aerodynamic performance through design choices. To achieve the desired performance for a wing to generate downforce, designers need to produce a wing profile that keeps the airflow attached to the surface as long as possible as this helps keep the Reynolds number down, but also to reduce drag and maximise downforce.
[bookmark: _Toc1346159858]Reynolds number for the flow around the wing.
In order for a Reynolds number to be calculated in terms of attaining a realistic value for a race car’s rear wing design a few assumptions need to be made, these are based off real world race conditions and are listed below:
· Aerofoil wing length 350mm the 2020 F1 season as mandated by the FIA Formula One Technical Regulation (A R S Azmi 2017)
· Air density at sea level and 15 degrees is 1.225kg/m3  (Will V 2019)
· Dynamic viscosity of air at 15 degrees 1.81x10-5 kgms-1   
· Average velocity of a Formula 1 car was 138mph- 61.9m/s (Media  2021). 




The Calculation has resulted in a Reynolds number of 1.4 million meaning the flow of air around the rear wing is turbulent. This will cause the airflow to separate from the wing’s surface and increase drag and decrease in downforce. However, this result was taken at 138mph which is most likely achieved on a straight where downforce is not needed as much, during a corner the car would be travelling much slower and thus bringing the Reynolds number closer to the laminar regime. Finally, there are multiple other methods of reducing the Reynolds number and therefore the turbulent airflow which will be discussed in the next section.
2. [bookmark: _Toc1031704045]Boundary Flow
[bookmark: _Toc2009173079]What is Boundary Flow?
The boundary flow of air around a wing describes the difference between the separation of airflow along the surfaces of the wing and the turbulence of the separated airflow. The designers aim to manage the boundary flow around the wing as it is what determines the performance of the wing in terms of downforce generated and reducing the amount of drag caused by the wing, both of which are crucial for a race car’s performance round a track.
[image: ]
What the designers try to achieve is streamlined airflow along the surface of the wing resulting in a laminar flow of air and a boundary layer that is attached to the wing. However, as the speed of the car increases and therefore the speed of the air rushing along the wing’s surface increases, the flow of the air will begin to separate from the wing’s surface generating turbulent and uneven flow patterns disrupting the smooth laminar airflow. This turbulent air causes a huge increase in drag effectively slowing the car down for the straights on a track, also causing the wing to stall and loose its downforce which is dangerous for the drive as they can suddenly lose control of the car at high speed.
The boundary layer is the point of which the air flow begins to separate from smooth laminar flow to random and unpredictable turbulent airflow. Due to the subsequent effects above it is crucial for the designers to mitigate these issues and design around them. Luckily, there are a few solutions to reduce these effects. Some of which are listed below:
[bookmark: _Toc24392537]Gurney Flap
The Gurney flap is an aerodynamic device fitted to the trailing edge of the wing which is designed to increase the size of the low-pressure region underneath the wings profile compared to the high-pressure region on top of the wing. This effectively boosts the maximum potential amount of downforce the wing can generate. In terms of lowering the separation it can be achieved through allowing the designers to use a less aggressive or shallower profile of wing while still generate sufficient amounts of downforce.
[image: ]
[bookmark: _Toc883701349]Slotted Endplates
The slots that can often be seen cut into the wing’s endplates (endplates are designed to retain the airflow from spilling off the sides of the wing profile maximising downforce for that profile). Endplates themselves help increase the downforce levels at lower speeds but can cause the airflow to separate at higher speeds. Therefore, slots are designed into the endplates to allow the excess airflow such as the turbulent airflow to escape and leave the laminar flow unaffected/undisturbed.
[bookmark: _Toc2029499461]Angle Adjustment
A designer will always do their best to create the best wing possible for all air speeds. However, it is impossible to design a wing that performs as expected in all situations as even changes in wind speed and temperature can cause the boundary layer to change and affect the performance of wing. Therefore, the designer creates a slot in the endplates to allow the engineers to change the angle of attack of the wings profile depending on the conditions and be able to set the car up to function and perform throughout a race.
3. [bookmark: _Toc1878644139]Carbon Fibre Reinforced Plastics (CFRP)

[bookmark: _Toc1516628917]History
Carbon Fibre reinforced plastics are a material which was first used in the manufacturing of filament bulbs during the 1800’s. Then for components within Rolls Royce engines for passenger planes in the mid 1900’s. the materials first introduction for automotive purposes including aerodynamic components such as wings and spoilers was during the 1981 Formula 1 season. McLaren’s technical designer John Barnard introduced a new material to F1 called carbon fibre with the McLaren MP4/1. This very lightweight material was initially doubted by other teams over its strength (subsequently nicknamed black plastic) (F1 2022) but was proved during a crash the same season. What was also proved was the material was light and very rigid, improving the car and wings performance immensely and therefore is still used to this day.
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The material at the time was only used in aeroplane engines therefore its introduction to race car design was difficult and doubted by all those involved including drivers and officials in F1. Until it was proven on track and before the end of the year all other teams were using the material for its benefits in driver safety, aerodynamic improvement, and weight reduction due to its high tensile strength.
[bookmark: _Toc1466247094]Current Uses and benefits
Carbon fibre reinforced plastics since its first introduction to motorsport have taken over as the main material for the monocoque chassis of the cars. For example, in Formula 1 today the cars are 70% made of carbon fibre. The manufacturing of this material has also improved since 1981 with techniques resulting in even stronger and stiffer component all of which improve the cars performance on track. Techniques such as layering the material in both 0 degree and 90 degrees forming a checkerboard pattern making the material strong in all directions. Another manufacturing technique is the inclusion of resin which allows improves the materials ability to set and retain its form whilst experience greater loads and forces. 
There are many advantages of using this material for race car design some of which can be seen below:
[bookmark: _Toc1301634924]Strength and Stiffness
A component made from carbon fibre will be incredibly stiff and strong, allowing it to be able to withstand huge forces without failing or distortion. These characteristics make it a perfect material for automotive wings and spoilers as they will experience great aerodynamic load as the car is traveling at higher speeds while maintaining the shape and profile of the wing and therefore providing accurate and predictable downforce for the car and subsequently giving confidence to the driver to push for faster lap times.
[bookmark: _Toc1798948871]Lightweight
The construction of carbon fibre reinforced plastics is what allows the material such a high strength to weight ratio making it the perfect material for aerodynamic components of race cars. The lightweight characteristic of the material keeps the overall weight of the car down which has major benefits for braking and cornering reducing the overall lap time.
[bookmark: _Toc670938009]Aerodynamical Performance
The gains in aerodynamic performance of the wing are responsible from the material of carbon fibre. It will allow the car to travel at high-speed generating huge forces while maintain the overall shape and design due to it high strength and stiffness. This means the wing will also maintain its performance in flow management, downforce generation and the wing’s drag coefficient
[bookmark: _Toc630554141]Future Predictions
Future developments made towards carbon fibre reinforced plastics will consist of manufacturing techniques further extracting stronger yield strengths and making the material stiffer. Also making the material more cost effective while maintaining the materials performance, and more green and environmentally friendly forms of extracting the material and the manufacturing processes involved.
In terms of motorsport, developments and advancements will always be acquired from designers exploring loopholes and pushing the boundaries of the technical regulations in the pursuit of creating a faster and reliable car, which includes the materials the cars are made of. The regulations are up to date technical papers set of the governing body of race regulation (FIA).
4. [bookmark: _Toc866890674]Modelling Techniques
There are multiple methods and software's that can model the airflow around a race cars wing. The two main techniques are CFD computational fluid dynamics and wind tunnel testing, both techniques have their advantages and disadvantages.
[bookmark: _Toc729199638]CFD
Computational fluid dynamics is a method used that simulates the flow of airflow around a body or in this case a used to assess the performance of a race car’s rear wing.
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Advantages:
· Doesn't require a physical model- No model is required to perform a CFD test to simulate airflow meaning no time effort and resources are necessary to be used into manufacturing a physical model.
· Quick and easy to perform- To perform a CFD test is relatively quick compared to wind tunnel testing which required hours of setup. Also makes it a quick and cost-effective method of gaining insightful results that can be used to gain an understanding of the efficiency of the wing for example.
· Easy to make changes and retest- Due to the testing technique not requiring a model or time and resources to setup, it is easy to perform a test, and make changes to the simulation and allowing the designers to refine their design based of the results.
· Parameters- As the CFD software has many features it allows the designers to change the parameters of the test. This means that they can adapt the test for various conditions such as wind speed and direction, resulting in a comprehensive understanding of the wings performance.
Disadvantages:
· Computing knowledge- Due to the nature of the software the designers must have a good understanding of computers and may require training to use the specific CFD software to its full potential which will cost money and time to get up to speed and confidently use the features the software provides.
· Computing power requirements- As the software is complex and the very concept of simulating airflow will require a lot of computing power otherwise it could cause anomalies in the results or cause the system to operate very slowly. Designers will need to make sure they have a good PC which can cost money depending on specification.
· Real world complexities- The main disadvantage to CFD software's is that the results you gain from performing a simulation are not a guarantee that the wing will perform exactly as expected in the real world, therefore other testing methods are often required such as wind tunnel testing which increases testing costs and complexity.

[bookmark: _Toc1329999590]Wind tunnel testing
Wind tunnel testing requires a model of an object or component to be placed inside the system to have air blown through the component along with a smoke trail that allows the engineers to visualise and evaluate the airflow around the component, or in this case the aerodynamic performance of the wing. This method also has advantages and disadvantages.
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Advantages:
· Real world analysis- The results attained from wind tunnel testing are more reliable than CFD tests are the very nature of the simulation is a real-world environment for the wing as it uses actual airflow to gain results.
· Physical visualisation and insight- Wind tunnel testing provides a physical and visual representation of airflow around the wing therefore can be interpreted more accurately and therefore allow the designers to gain a more informed understanding of aerodynamic forces at play.

Disadvantages: 
· Cost to setup- Wind tunnel testing is a very expensive and complex form of testing and will require millions to setup your own facility and can be very expensive to rent another company’s wind tunnel for your tests.
· Scaling down- Some wind tunnel testing facilities may require the models to be downsized to fit within them. This means the model placed in the wind tunnel and results gained may not be a true representation of the finished design.
When designing the wing it will be worth using a combination of both CFD and wind tunnel testing to achieve the most accurate and aerodynamic efficient results. It will allow the designers to draw comparisons between the CFD tests and real-world tests within the wind tunnel and thus gaining an understanding of how reliable their rear wing will perform when on the race car. 
5. [bookmark: _Toc1623579935]Testing Simulation and Data analysis.
To perform the simulation and gain aerodynamic data to be used to assess the performance of the wing. The two testing techniques explained above will be use. Both CFD and wind tunnel testing share similar benefits and using both testing methods in tandem help negate and nullify the disadvantages associated with the individual methods themselves.
Seen below is a methodology that should be carried out to obtain the most accurate and reliable data available.
[bookmark: _Toc798967791]CFD
[bookmark: _Toc601524269]Modelling
Design a 3D model of the car's rear wing using a form of computer aided design software (CAD) to prepare a model fit and ready for testing that complies with the racing regulation in terms of dimensions. Also select a suitable material for the wing such as carbon fibre which will allow for accurate testing and simulation.
[bookmark: _Toc130981925]Simulation
Once the model is completed ensure that the correct material is selected and that the surfaces and profile of the wing are what you intend to manufacture. The simulation will require specific properties such as fluid density, velocity and turbulence characteristics to provide an accurate test and obtain reliable results. 
[bookmark: _Toc1980407672]Data Analysis
Results will be provided through visual methods such as colouration on all surfaces showing forced generated (areas under greater forces should appear red etc.). forces will also be measured numerically showing the quantity of forces involved on each axis. These sets of data can be interpreted by designers to make alterations in order to improve and refine their design. 
Also, parameters such as air velocity can be changed to see how the forces change to obtain a variety of results which can be used to generate a graph then compared with redesigns to visualise improvement and advancements made with their design.

[bookmark: _Toc1946874909]Wind Tunnel Testing

[bookmark: _Toc1308317970]Physical Modelling
A model will need to be designed and manufactured once a wind tunnel is selected to use. The model should be designed with the tunnel's capabilities such as its size. The model should represent the final product accurately in order to achieve reliable results during the test. The material selection is less critical here as a wind tunnel looks at providing data for air flow rather than forces involved.
[bookmark: _Toc1599912276]Setup
To set up a model for testing make sure the model is placed as desire for the airflow. Use a range of pressure sensors around the model to attain relative numerical data which can identify separation of the airflow. Also, that the facility utilises smoke trails that can be used to visualise the flow of air and any turbulent regions of airflow.  the last method that can be used it flow vis paint which with the wind of the tunnel will flow and leave paint on the direction of which it travels.
[bookmark: _Toc175721416]Data Collection/Analysis
The acquisition of data can be achieved through visual and numerical means. Firstly, visually seeing and understanding the airflow of the smoke trail through the model can indicate to the designers of separation of the airflow and thus determining the drag generated by the shape and complexity of the wing’s design.
Secondly, the sensory equipment will obtain numerical data reading pressure, air volume flow and speed. All of which can be used to determine the forces produced by the wing and any areas of turbulence caused by the shape and design of the wing.
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