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1. [bookmark: _Toc140343915]Introduction
Car wings have seen significant change over the years; however, the general principle remains the same. Downward force is required to ensure that the vehicle remains in contact with the ground to ensure friction/grip is maintained. 
This report has been produced to review fluid flow around a car wing and discuss current concepts compared to past. There will be discussion around Reynolds Number and the effects this has on the boundary layer, such as boundary flow, separation, and what can be done to improve Reynolds Number to achieve the required flow. Discussion around CFRP (Carbon Fibre Reinforced Plastic) will take place, followed by (CFD) Computational Fluid Analysis discussion and how this is utilised within the aerodynamic industry. Advantages and disadvantages of CFD will be compared, followed by finally discussing how all these things can be implemented into designing a car wing.


2. [bookmark: _Toc140343916]Reynolds Number
2.1. [bookmark: _Toc140343917]What is Reynolds Number
Reynolds number was discovered in 1883 by Osborne Reynolds. Reynolds number is the ratio of inertial forces to viscous forces. Reynolds number is a dimensionless number used to categorise the fluids systems in which the effect of viscosity is important in controlling the velocities or the flow pattern of a fluid. 
Reynolds number is used to determine whether a fluid has laminar, or turbulent flow. Based on the API 13D recommendations, it is assumed that a Reynolds number less than or equal to 2100 indicates laminar flow, and a Reynolds number greater than 2100 indicates turbulent flow. (Rehm, 2008)


2.2. [bookmark: _Toc140343918]Reynolds Number Importance
Reynolds number may be useful when trying to create a certain type of flow for a certain application, for example. When trying to flush out pipework in a hydraulic system, you normally require a turbulent flow to help flush the pipework, this generally requires a Reynolds number at or greater than 4,000 to ensure the pipework has been correctly flushed, therefore reducing contamination within a system. Figure 1 highlights how this would look.
Another example would be the design of a car rear wing. The boundary layer is trying to be maintained for as long as possible, therefore resulting in maintaining the maximum amount of downforce while the car is in motion. Laminar flow is trying to be achieved throughout this process.

Laminar flow - Commonly, if the Reynolds number is less than 2000, the flow is laminar. The accepted transition Reynolds number for flow in a circular pipe is Red,crit = 2300.
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Transitional flow - Reynolds numbers between about 2000 and 4000, the flow is unstable due to the onset of turbulence. These flows are sometimes referred to as transitional flows.

Turbulent flow - If Reynolds number is greater than 3500, the flow is turbulent. Most fluid systems in nuclear facilities operate with turbulent flow.
(Power, 2023)						
[bookmark: _Toc140340992] Figure 1 Osborne Reynolds Flow Graph


The type of flow around the wing can be heavily influenced by different variables mentioned above. Influenced by how the pressure varies along the direction of flow. Other factors are speed, density, and viscosity (the stickiness) of the air. (Barnard, 2009)

2.3. [bookmark: _Toc140343919]Reynolds Number Calculation
Reynolds Number = Density x Speed x Length
			            Viscosity
 =  
Shown are two examples of Re over a flat plate, both at the same velocities, with differing ambient temperature:

 = 1.246 kg/m^3 at 10°c					 = 1.184 kg/m^3 at 25°c
 = 100 m/s at 10°c						 = 100 m/s at 25°c
 = 0.22m at 10°c						 = 0.22m at 25°c
 =  at 10°c					 =  at 25°c


 =   = 				10°c
 =   = 				25°c


Both figures show turbulent flow but result in difference based simply on temperature. This figure is determined at the end of the plate, so will inevitably result in a turbulent flow. When measuring the flow at 0.05m from the front at 10°c,, a result of  is achieved, this results in a laminar flow, so velocity and position of measurement play a part in the results. This again is a good use of Re as it allows a view as to when/at what point along the plate/wing the flow transitions from laminar to turbulent. 

3. [bookmark: _Toc140343920]Boundary Layer
3.1. [bookmark: _Toc140343921]Boundary Flow Discussion 
It is important to first understand the principles and concept. An important feature of the flow past a vehicle is that the air appears to stick to the surface. Right next to the surface there is no measurable relative motion. Individual molecules do not actually physically stick, they move around randomly, but their average velocity component parallel to the surface is zero. (Barnard, 2009)
The relative velocity of the air flow increases rapidly with distance away from the surface, as shown in figure 2, and only a thin layer is slowed down by the presence of the surface. This layer is what is known as the boundary layer. (Barnard, 2009)


Figure 2 shows the velocity profile over a flat plate.
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Figure 2 Velocity Profile Diagram

3.2. [bookmark: _Toc140343922]Boundary Flow, Separation and Turbulence Around a Wing
There is a requirement to maintain the boundary layer for as long as possible while the vehicle is in motion to maintain grip. The design of the car wing (multiple smooth edges throughout) helps to ensure that boundary layer can stay intact for a longer period of time, this is achieved by minimising the number of sharp edges. Having the wing designed like this ensures a longer, smoother boundary layer. (Tec-Science, 2020). This can be seen in Figure 3.



[image: Hydrodynamic boundary layer around the profile of a wing]
[bookmark: _Toc140340994]Figure 3 Hydrodynamic Boundary Layer and Wing Profile
As long as the contour of a body has smooth transitions and the internal cohesion of the fluid (viscosity) is large enough to resist the inertial forces, a flow can follow the contour. A typical hydrodynamic boundary layer develops around the body, the thickness of which is largely influenced by the viscosity.
However, in the case of sharp transitions or when flowing around blunt bodies, the fluid is habitually no longer able to follow the profile. The boundary layer or flow begins to detach itself from the body surface. This is referred to as a boundary layer separation or flow separation. Downstream of the separation point, vortices regularly form, resulting in a turbulent flow. (Tec-Science, 2020). A flow separation is particularly dangerous on a car wing, as this can result in lift. In aerodynamics such a dangerous flow separation is called stall. This can be seen in Figure 4

[image: Boundary layer separation (flow separation) on a blunt body]

[bookmark: _Toc140340995]Figure 4 Boundary layer separation on a blunt body
3.3. [bookmark: _Toc140343923]Relationship to Separation and Turbulence Around Wing
3.3.1. [bookmark: _Toc140343924]Separation of Turbulent Boundary Layers
[image: Velocity profile in a laminar and turbulent boundary layer]Flow around a body can not only be laminar, but also turbulent, dependant on Reynolds number. In general, a laminar flow around the body should be aimed for since this reduces flow losses to a minimum. However, this is only the case if it is ensured that no boundary layer separation occurs. If, this cannot be ensured, then turbulent boundary layers should be aimed for. This may sound counterintuitive, but a turbulent boundary layer can usually follow the profile of a body longer than a laminar flow. The reason for this is the increased transport of momentum between the fluid layers, which leads to a steeper velocity profile within the boundary layer. (Tec-Science, 2020). Figure 5.

[bookmark: _Toc140340996]Figure 5 Velocity profile in a laminar and turbulent boundary layer

With a turbulent boundary layer, the velocity in the y-direction increases faster than with a laminar boundary layer. This means a larger velocity gradient near the wall, thus higher velocity components in the boundary layer. The resulting higher kinetic energy of the boundary layer can counteract the adverse pressure gradient more.
In the case of a turbulent boundary layer, the separation point shifts downstream. The turbulent wake becomes narrower with the shifting of the separation point. This reduces the flow losses and pressure drag, which ultimately results in a reduction of the overall drag. A prime example of this is in the design of golf balls.
Turbulent boundary layers adhere longer to the surfaces of the body around which flow occurs. The (pressure) drag is significantly lower. If there is a risk of flow separation, turbulent boundary layers should be aimed for. (Tec-Science, 2020)
3.3.2. [bookmark: _Toc140343925]Separation Bubble
[image: Separation bubble on a car]Depending on the border of the body being streamed around, a flow that has been detached can also reattach to the surface. The figure below shows laminar flow around a vehicle. At point A, flow separates and below it forms a type of circulating air cushion, this results in the flow being able to reattach to the surface at point B. This area is called the separation bubble. Figure 6.

[bookmark: _Toc140340997]Figure 6 Separation Bubble

[image: Laminar separation bubble on the airfoil of an aircraft]

[bookmark: _Toc140340998]Figure 7 Laminar separation bubble on an aircraft wing

A separation bubble can also form when air flows around airfoils. Laminar flow separates at one point and reattaches itself downstream, provided the angle of attack is not too high. In the area between the laminar separation point and the point of turbulent reattachment, a laminar separation bubble forms (laminar because the flow before the separation point is laminar). Figure 7 shows an example of this on an aircraft wing.
To conclude, the wing has been designed with numerous smooth edges. Doing this, means a hydrodynamic boundary layer can be achieved. This results in the boundary layer being sustained for a longer period of time, resulting in a longer contact time, and therefore achieving a higher grip efficiency from the spoiler, especially at higher velocities. 

4. [bookmark: _Toc140343926]Car Wing Design
4.1. [bookmark: _Toc140343927]Implications of Using CFRP (Carbon Fiber Reinforced Plastic)
CFRP (Carbon Fiber Reinforced Plastic) is used in many applications in current processes and has many advantages, some of which include. Lightweight, high fatigue resistance, a higher tensile strength, and survives most severe environmental conditions, these are a few of its advantages. There are however some disadvantages, and these can play a decisive role in the Formula One industry.
Two significant disadvantages of using CFRP are. It is one of the most expensive materials to use, along with being a high conductor of heat and electricity, this is a big issue, as high heat is being created throughout the entire vehicles structure. 
With it being such a good conductor of electricity, this can create a corrosion “cell” with steel structures in contact with the carbon composite. This could result in corrosion of other components that come into contact with the wing, this can result in much higher costs, along with increased labour hours, along structural issues throughout the vehicle.
Another concerning issue, is that If it fails under load, there are few to no warning indications and such failures can resemble explosions. (Even hydrotests done under water show overwhelming levels of destruction upon failure.) This is obviously a massive issue during a race, due to the fact a failure of any component could result at any time, resulting in danger to the vehicle, driver, and other drivers.
Non-destructive periodic inspection of critical-service items is very difficult, expensive, and time consuming. This associates to extremely high costs, as well as being difficult to perform, and very labour intensive, both financially and physically.
These are but a few of the issues that can be present when using CFRP. There are however high advantages to using CFRP, some which have been highlighted at the beginning of section 4.1. 
4.2. [bookmark: _Toc140343928]Historical Developments
The use car of carbon fiber in Formula 1 cars had its roots in racing since the early 1980s.  Before then all Formula 1 cars were made out of the same materials that the typical road cars were made from, such as steel or aluminium.  At the end of the 1970s, some of the best engineers from Formula 1 came together to revolutionize the racing industry.  Within a couple years they introduced the first cars to use carbon composite in their chassis.  Today, we use carbon fiber more in the racing industry than ever before to make everything from chassis components, aero parts and even wheels. (RWCarbon, 2019). The McLaren F1 Team introduced this is 1981, carbon fibre composites are now used widely in many F1 components - almost 85% of the volume of a typical F1 car is made up of them.

4.3. [bookmark: _Toc140343929]Current Developments
Current rear wing designs have been manufactured with safety in mind, while in simultaneously ensuring that downforce is maintained to ensure grip is maintained, this current wing however does produce less downforce than wings previous, as mentioned in section 4.3.1.
4.3.1. [bookmark: _Toc140343930]
The new, highly distinctive shape is created by the elements, endplates and beam wing forming one continuous line with no sharp corners. It’s about more than looking sleek; because the endplates can no longer fence off the wing elements and must be flush, they can no longer prevent leakage of the airflow across the surfaces of those elements and off the edge. This makes the elements which rely on the pressure difference between the underside and upper surface to work less effective in creating downforce but, more importantly, greatly reduces the vortices of spinning air spilling off the wing corners where two separate airflows mix. Reducing these vortices makes the wake much less turbulent and unfavourable for the car behind. (Hughes, 2022)

4.4. [bookmark: _Toc140343931]Future Developments 
F1 teams and companies are always looking to the future and where improvements will come from next. But it’s important to state that end goals are changing for all competitors.
Where once they may only have been interested in performance, now teams are having to juggle a host of competing factors. Some of which include. 
There is the cost cap issue, which means good value for money is essential. But sustainability is also becoming critical and that is something that counts for what materials cars use too. (Noble, 2022)

5. [bookmark: _Toc140343932]Modelling Techniques
5.1. [bookmark: _Toc140343933]CFD (Computational Fluid Dynamics) and FEA (Finite Element Analysis)
The development of Wind Tunnel technology that Formula One offer to the world, although important, pales into insignificance alongside the rapid growth of Computational Fluid Dynamics (CFD). With a wind tunnel, experiments are made by blowing wind over a real object in a controlled environment and measuring the aerodynamic forces that arise. In CFD, the same experiment may be conducted in the form of a computer simulation. (Dicitionary, 2005)
[image: ]Nowadays CFD and FEA are a necessary basic tool for the design and development of racing cars, helping wind tunnel research. In fact, it's possible to test the car prior to any wind tunnel session, to pre-evaluate various configurations and submit to test only the most promising designs.

[bookmark: _Toc140340999]Figure 8 Rear Car Wing With Use Of CFD Analysis

CFD substantially helps with understanding the phenomena involved in fluid flows, permitting accurate display and analysis of the information, with a level of detail that is hard to provide experimentally. (Dicitionary, 2005). Figure 8.
5.1.1. [bookmark: _Toc140343934]Advantages of CFD 
Advantages are endless, some of which have been discussed in Section 5.1. Some further advantages, but not all, include:
· Insight - If you have a device and/or system design which is difficult or expensive to prototype or test through experimentation, CFD analysis enables you to virtually crawl inside the design and see how it performs. There are many phenomena that you can witness through CFD, which wouldn't be visible through any other means. CFD gives you a deeper insight into your designs.
· Foresight - CFD is a tool for predicting what will happen under particular circumstances, it can quickly answer many 'what if?' questions. You provide a set of boundary conditions, and the software gives you outcomes. In short, you can predict how your design will perform, and test many variations until you arrive at an optimal result. All of this can be done before physical prototyping and testing.
· Efficiency - The foresight you gain from CFD helps design better and faster, save money, meet Regulations and ensure FIA rules compliance. CFD analysis leads to shorter design cycles and teams can get their car to track faster. In addition, equipment improvements are built and installed with minimal downtime. CFD is a tool for compressing the design and development cycle allowing for rapid prototyping. (Dicitionary, 2005)

5.1.2. [bookmark: _Toc140343935]Disadvantages of CFD
Disadvantages generally are few and far between, but some of the disadvantages are as follows:
· Uncertainty – CFD simulations can give uncertainty and error, which can arise form factors such as mesh size, boundary conditions and turbulence models. 
· Model Limitations – CFD simulations are based on mathematical models that are approximations of real-world systems, and these models may not accurately represent all of the physical phenomena present in a system.
· Computational Resources – CFD simulations can be computationally intensive, requiring significant computational resources, including powerful computers and high-performance computing systems. (Engineering, 2009)

To conclude, CFD has not replaced Wind Tunnels, but rather merged to create an ultimate means to an end, allowing creation of a model, followed by a physical testing of said model created from the use of CFD.


6. [bookmark: _Toc140343936]Experiment Application
As discussed in Section 5. The best way to start the design of a car wing is via the use of CFD. This will allow for a computerised model to be produced without having to produce a prototype for testing purposes. This results in saved time, saved labour hours, and saved costs overall. This also results in being able to produce a simulation to allow inspection of when things such as flow transition from Laminar to Turbulent, as discussed in Section 5.1. Figure 8.
Once a simulation has been completed, and a design has been finalised for the wing, it can then be produced and tested via the use of a wind tunnel. It is suggested that the use of a closed-return system is used, there are a few reasons for using this type of wind tunnel over the open-return system, some reasons are as follows:

· Huge saving in operational costs in comparison to Open-return systems, due to the ability to recycle the air (retain the kinetic energy). 
· Vehicle runs on a rolling road to get a true indication of airflow (around wheels with centrifugal forces in play etc.
· Ride height simulation. This is done with the use of a Carbon Bar fixed to the car and allows for accurate changes in ride height of 0.01mm.
· Laminar air flow being produced, rather than drawing in dirty turbulent air with the use of an open-return system.
· Can pressurise system to create a more stable and accurate Reynolds Number.

This is generally the wind tunnel type of choice for all aerodynamic designing, for reasons mentioned above. However, care must be taken as the air is heated up in the closed-return system, this could affect the results due to a change in air density.
It must also be noted that when using a scale model, the velocities must be increased to achieve the required Reynolds number, so for example. If running with a 1:10 scale, the air speed will need to be 10 times that of the speeds in real world (10 mph in real world would be 100 mph in wind tunnel for a 1:10 scale). This is why 1:1 scale testing is normally more desirable.


[bookmark: _Toc140343937]Conclusion
To conclude, this report defines what Reynolds number is, and how it can affect the performance of components, specifically a car rear wing. Reynolds number calculation has been produced, showing a Reynolds number in a laminar flow stage, and a turbulent flow stage, and how changes in air density, temperatures etc can play a part in what Reynolds number is achieved.
Boundary layer discussion, explaining what it is, how it can affect the performance of a vehicle, and how to achieve a sustained boundary layer to increase performance and grip. Separation of Turbulence, along with separation bubble, and how we can maintain a boundary layer by actually creating a turbulent flow at a certain position, resulting in a re-attachment, therefore maintaining the boundary layer for longer.
Followed up with a car wing design, past, present, and future developments, and correlating these to some f! regulations currently present.
CFD discussion, explaining what it is, how it is currently used within the industry, and its pros and cons, and how this has allowed for far more advanced designing, allowing designs to be created and simulated, without the need to physically produce a prototype.
Finally, an experimental application was discussed. This went into the order of play regarding design, and how it would be created. Discussing why a closed-return wind tunnel would be advantageous over a open-return system. Finally discussing the pros of using this method of design, and discussing how scale models can affect Reynolds number, velocities, pressure changes etc.
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By using the Insert Caption option under the Reference Tab in Microsoft Word, it means you are able
to cross reference to the figure, Figure 4-1, within the main body of the report and also produced a
table of figures if required. For the label, it is acceptable to use either Figure 1 or Fig 1.

Table 4-1- Vehicle data for a selection of models (Bauer Consumer Media Limited, 2017)

Make of | Model of | Engine | 0-60 mph | Combined Fuel | CO, emissions
Vehicle | Vehicle | size (cc) (secs) Use (mpg) (g/km)
Ford Fiesta 1399 144 67 110

Peugeot | 208 1398 131 74 98

Renault | Clio 1461 14.7 62 120

w Polo 1422 12.5 83 93

Again, it is wise to use the Insert caption option to enable cross referencing and the production of a
table of tables. Any tables or graphs that are included within a report, most include units and
appropriate scales were necessary.

(Equation 4-1)

% 1945
C ¢C & @& 13°C Cloudy A Z@®®@P) o B

L Type here to search @ =l





