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Race car wings have a fundamental role in how a race car breaks and manoeuvres throughout the track, air that is directed up from the front of the car is collected by the rear wing and pushes the rear of the car downwards. (Admin, Prestiege imports, 2020) With a multitude of wings and sides of a rear wing assembly this all aids in increasing downforce and with the sides of a wing / endplates  this helps direct the streamlines and prevent spillage and delay formation of strong vortices. However, second hand air is collected at the end of the car as it is already separated flow due to turbulences (Oxyzoglou, 2017). There are many factors that have effect on the efficiency of the rear wing assembly, position and gap width between elements and AOA are just a few that must be carefully considered during the design process. The gurney flap is used at the trailing edge of the wing to increase downforce due to its 90-degree angle.
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Fig 1a; 1b: Elements of rear wing and gurney flap (Oxyzoglou, 2017)


The Reynolds number of a fluid is the ratio between the substance’s inertial forces with viscous forces. The quantity from the equation is a dimensionless quantity, which helps us to understand flow patterns and internal velocities of the fluid. (Bill Rehlm, Dec 2009) In simple form the fluid that flows within a pipe will encounter frictional resistance from the material properties and length along with roughness (of the pipe wall). This is likely to create what’s known as Eddy Currents within the fluid. (Pipeflow, 2023) A fluid current that flows vary in its direction, and is different from normal flow, this is identified as Eddies currents (see fig 2). Flow with large eddies can be identified as turbulent and they only form after a certain velocity. (Unknown, 2006). Materials that are smooth such as Glass provided less frictional resistance and have less grip on fluid and therefore provide more efficiency and less energy is lost in comparison to rougher surfaces. (Pipeflow, 2023). Not only does the material property of the pipe wall / surface have effect on the flow of fluid, but the Viscosity of the fluid has effect on the flow and its velocities. Higher viscosity fluids will not reach the velocities of lower viscosity fluids and in return less eddies are produced.
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Fig 2: Eddie currents (Wikipedia, 2013) (Siqueira, 2005)

The Reynolds number is important in Formula 1 and fluid analysis as it allows us to understand how the streamlines around the vehicle are behaving, turbulent flow can be described as chaotic and unpredictable making it difficult to predict outcomes in velocity performance and fluid behaviour. The Reynolds number also depends on other variables such as wall geometry, the pressure of the fluid and temperatures. (Hasanovic, 2018)
 = 
U = Relative velocity
L = Specific characteristic length / dimension
µ = Kinematic Viscosity
Re number less than 2100 is considered Laminar, and a Re greater than 3000 is Turbulent. There is a region between these figures that is categorized as Transitional flow. (Czernia, 2023)
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In understanding the effect Reynolds number has on the racing car wing it’s important to briefly cover Drag and its role on the wing. With a large drag number there will be a large resistance in forward motion, affecting efficiency and speed. Depending on what fluid is encountered with the surface, this will have further effect on drag due to its viscosity. The material properties and finish of the surface will also have effect on the amount of skin friction drag. Materials such as glass and Carbon fibre have low frictional drag. It is worth understanding that if there is no motion there is no drag, there must be a difference in velocity between the body and the fluid. (Hall, 2022) (Akshay Bodake, 2018)


D = The drag force
ρ =Density of fluid
S = Is the cross-sectional area of the surface / object
Cd = Coefficient of Drag

The drag equation shows that drag is directly proportional to velocity squared and at greater speeds the drag force becomes extremely important. The drag coefficient is related to the shape and geometry of the body of the vehicle, for the drag coefficient to remain low the surrounding boundary layer must remain in contact with the surface of the car. This ensure that the wake remains narrow, if the wake is large the resulting drag will be high. The value of the Reynolds number indicates what forces are dominant, If the greater the Reynolds number the more dominant inertial forces are and the lower the viscous forces will be (Akshay Bodake, 2018)
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Using Reynolds number to predict flow is Laminar or Turbulent only provides us with a rough number and is only used to assure us what the flow conditions are and if they’re behaving similar to how CFD modelling, and wind tunnel scenarios predict.
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Fig 3: Example of chord line used for Re number calculation (Oxyzoglou, 2017)
Known variables and set conditions.
To estimate the Reynolds number, we must first collect any known variables and set boundary conditions and make our assumptions. The velocity used will be the speed average from collected data. We will set a condition that the car is traveling in a straight line therefore the speed can be used for velocity. The average speed for a F1 car is 223KPH or 138 mph (Boris, 2022) We will use 0m above sea level to set our conditions for Temperature and Density of the air. We will focus our calculation on the Lower main wing of the car wing as shown below and 250mm from centre of wing. We will not use rear wing due to gurney flap and to allow for ease of calculation.
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Figures 4a,4b: Cross section of rear wing 250mm from centreline, and measurement taken for chord length from leading edge to trailing edge of wing. (UWTSD, 2023)



[bookmark: _Hlk138091540] = 
ρ =1.225kg/m3
U = 138MPH: Converted to 61.68M/S
T = 288K (15°C) which gives us µ Below.
µ = 1.81206x
Pressure 101325pa
Chord length   = 353.45mm, 0.35345m (see fig 3)
 = 1473790.884

The Reynolds number shows that the flow on the section of the rear wing used during calculation is Turbulent at 147.4 x, which is expected due to the velocity from set conditions. This is just an estimate and provides us with an idea of fluid behaviours.
Boundary flow
With the value of the Reynolds number calculated we can now discuss the relationship of the fluid and boundary flow. When fluid approaches a solid surface with uniform velocity that is Free stream velocity, the fluid that comes into contact to the surface will adhere to it and have zero velocity (Croft, 1994) Some distance away from the surface the stream increase in velocity, it is this variance in velocity gradient from the surface to the Free stream velocity that we have the term Boundary layer.
Air flow close to the surface will stick to it causing a boundary layer, however the boundary layer may separate from the surface. This happens if there is sufficiently large adverse pressure difference. (Guven, 2022). In brief the fluid closer to the surface will travel slower, and as we near the free streams the falling pressure allows the fluid to move along more quickly. If the mainstream pressure continues to increase with distance the flow velocity grows, the boundary layer will continue to grow. If this continues over a longer distance the deceleration in flow causes a revers in direction of boundary layer and shear stress is great, therefore this is where the separation occurs. (Unknown, Boundary Layer Seperation and Pressure Drag, 2016)  The shape of a wing can be compared to an elongated sphere, boundary layer separation can cause many issues such as Pressure Drag and stalling. This pressure drag is caused by the difference in upstream and downstream pressure deviations. Due to our estimated Reynolds number air flow around the wing is not Laminar. To reduce the boundary layer separation and reduce pressure drag there is an additional slotted flap as seen in figure 4a added onto the rear wing assembly. High energy air gets channelled through the slotted flap, and this reduces the volume of trailing edge wake and reduces drag (Witheridge, 2020). It’s important to note that the angle of this rear flap can be adjusted to suit various areas of the racetrack. Rear wings are used to increase downforce on racing cars and change direction of air flow to aid in  keeping the rear of the car down to allow for increase in traction and manoeuvrability and allows the driver to attain higher speeds when cornering. (Admin, 2020) The end plates of the rear wing prevent losses of air flow to the sides, which could greatly affect the efficiency of the rear wing and also cause a great deal of energy loss.
The design of the wings above has been done so with a long chord length on the lower wing to allow for Turbulence to develop, this development provides turbulent air be deflected onto the upper wing with the Gurney flap. This process will increase downforce by deflecting turbulent air upwards and thus turbulent wind maximize the effect of the Gurney flap. The shape of the wings is such that they can capture air that will not be approaching the wings directly horizontal, hence the slight uplift.
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The material proposed for the construction of the Rear wing assembly is Carbon Fibre reinforced plastic. Composite materials are usually constructed from two or more materials and are a combination of varying material properties. For example, a combination of being lighter in mass but still provide excellent strength (Damien Motte, Robert Bjarnemo, 2013). Carbon fibre composites consist of thin black strands of Carbon Fibres typically around 10/15 µm thick and come in various forms such as yarns or powder like monofilaments. They have remained highly desirable in many areas of Automotive engineering for their excellent stiffness and low density. (Frohs, 2008) Carbon Fibre Reinforced plastics are classified as advanced composites.
In the early years of Formula 1 materials from steel tubes and Aluminium were used for the construction of the body and chassis, Aluminium was popular due to its light weight and toughness, having natural corrosion resistance and ability to absorb impacts  (Unknown, Aluminium Alloys In Racing, 2020).
Modern day racing cars use carbon fibre for various reasons, it provides an ideal weight to power ratio where cars need to provide maximum power from engine yet be light and agile to manoeuvre. For every drop in 10kg of weight of vehicle reduces fuel consumption and combined reduction in emissions by 1kg/km. The use of Carbon Fibre components are crucial where vibration resistance and reduction is needed, and for fatigue resistance. (Bhatt P, 2017) Durability is another essential requirement as race cars are put though extensive wear and forces during a race, carbon fibre provides the highest density and stiffness that other material groups.  It is five times lighter than steel and where speed wins races this is important. The extreme of racing generates a lot of heat, Carbon fibre has poor heat conduction in comparison to other metals. Because of its poor heat conduction, it therefore has low Thermal expansion which it will not deform or weaken due to heat exposure. (SMITeam, 2023) The initial Coefficient of Friction (COF) of Carbon Fibre based materials are low due to the compactness of the carbon fibre particles (Jian Li, 2007), this also provides a reduction in friction and will help resist the slowdown of fluid running across the surface in reaction to the fluids viscosity. Below are comparison tables comparing the material properties of Steel, Aluminium and Carbon fibre. Table 1 compares two directional Carbon Fibre which is commonly used in manufacturing of composites. Table 2 shows the drastic weight variations between Aluminium, Steel and Carbon fibre. Table 3 shows thermal expansion characteristics of various materials.

	
	Aluminium
	Steel
	2 Direction Carbon Fibre common modulus
	2 Direction Carbon Fibre improved modulus
	2 Directional Carbon Fibre Highest modulus

	Stiffness vs Weight
(Specific modulus) units   
	26
	25
	56
	83
	120

	Resistance to damage
(Specific strength) unit kN.m/kg
	214
	254
	392
	211
	126


Table 1: (Unknown, Aluminium vs Carbon Fibre comparison of materials, 2015)

	
	Aluminium
	Steel
	Carbon Fibre

	Dimension

	6mm thick
1
	6mm thick
1
	6mm thick
1

	Weight

	16.2kg
	47.4kg
	9.3kg


Table 2: (Unknown, Aluminium vs Carbon Fibre comparison of materials, 2015)

	Material
	Heat Expansion

	Aluminium
	13

	Steel
	7

	Glass Fibre – epoxy composite
	7-8

	Kevlar/aramid – epoxy composite
	3

	Carbon Fibre – epoxy composite
	2


Table 3: (Unknown, Aluminium vs Carbon Fibre comparison of materials, 2015)

Masilamani et.al states due to the integration property of carbon fibre this allows for a reduction in number of parts in the assemblies or sub-assemblies of race cars, this allows ease of build and removal. Which aids in wind tunnel testing. It is worth noting the machining capabilities are considerable and benefits in the ability to manufacture complex shapes and geometries. (Masilamani R, 2017)
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Overview of Wind Tunnels

Wind tunnel testing is a physical method used to collect real time data; it provides information on the Aerodynamics of a vehicle. It should be used in conjunction with CFD and simulation analysis, as it will allow the confirmation of the computational analysis and its effectiveness.  Accurate data can be collected however wind tunnel testing can be very expensive due to required scale of room and energy required in running tests. Any modifications required from analysis captured will require physical alterations of model and this also proves costly, however small, scaled models can be used but the need to increase fluid velocities is greater. Thus, requiring greater energy input to achieve the same results. There are various types of Tunnel testing from Boundary layer tunnel, plasma jet tunnel and hot shot tunnel. (Seas, 2022)
The car travels down the racetrack and therefore moving through the air, in a wind tunnel the car is fixed and the air is moving over it therefore technically reversing the process. There is an issue that arises when wind tunnel testing, there are boundary layers being formed on various surfaces of the wind tunnel such as walls and ceilings which isn’t true to a racetrack scenario. There is a suction chamber below the moving belt that removes the boundary layer flow that occurs from the fluid being drawn through and past the vehicle.
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Fig 5a: Example of wind tunnel set up (Oxyzoglou, 2017)
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Fig 5b: Open return Wind tunnel testing (Remmerie, 2020)

In open return wind tunnels air get drawn from the environment through the tunnel and over the test object that will remain in the testing area. This is a less costly form of testing in its minimalist approach and construction, however, is costly to run to achieve the desired velocities instantaneously. The quality of flow over the test section is poor, due to the bell mouth shape of the inlet corners, which requires technology to straighten the flow as it approaches test subject. (Hall, grc.nasa.gov, 2021)
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Fig 5: Closed Return Wind tunnel, (Remmerie, 2020)

The other form of wind tunnel testing is the closed Return tunnel test or Prandtl Tunnel, where the air is recycled and fed back into the circuit after the test section. The construction cost is greater due to the size and scale along with additional vanes and ducting required, however due to lesser energy losses it is easier to maintain and achieve required velocities. They can be used sub sonically or supersonically, the later requiring more equipment to reduce condensation build up due to low pressures (Hall, grc.nasa.gov, 2021). It is quitter in operation and provides higher quality air flow. Due to the energy circulating constantly it can increase in temperature and majority of the time requires colling fans to reduce temperatures and Closed return tunnels prove inferior in design for the smoke visualisation.

Overview Computational Fluid Dynamics (CFD)
Computational Fluid Dynamics is a method of mathematic modelling using governing equations and other fluid models and allows the solving of fluid flow scenarios. CFD can be broken down into three parts the preprocessor, the solver, and the post processor. The preprocessor is where the input data is applied for the solution model such as calculation domain the mesh generation and the physical model selection. Mesh selection is incredibly important as this determines the accuracy of the run simulation and requires the selection of structured or unstructured meshing. A structured mesh grid has grid lines that pass through all the domain and is constructed of uniform shapes such as prisms and follow a logical pattern (Unknown, linkedin.com, 2023) These types of meshes offer greater accuracy but have issues in handling more complex geometries and shapes.  Unstructured meshes comprise of non-uniform elements such as triangles may not have a relation between the cells and require mush more information and data due to their higher complexity.
[image: A screenshot of a computer

Description automatically generated]





Fig 6: Mesh setting and analysis in CFD (Rajamani, 2006)
The solver is where the integration and various fluid models (Navier stokes one of many) are carried out, as there are so many unknowns it is challenging to solve them directly and that is why s finite volume method ay be used to do so. The post processor is where all the analysis and calculated problems are displayed using visualisation methods such as graphs, flow models particle tracking and others. (E.Genua, 2009).
Benefits of CFD modelling
Using such software allows for a greater saving in money, as with physical modelling (Tunnel testing) this requires large facilities and great energy input. Many alterations can be applied computationally without need for physical adaption of prototypes; adjustments can be analysed then applied to physical prototypes. There is also an increase in accuracy especially with complex flows, and we are provided with greater visualisation of the flow patterns. We are unable to see the flows and behaviours of fluids in person, however such software provides us with clear images. (Engineering, 2023)
Disadvantages of CFD modelling
The understanding and experience of the user is of utmost importance, as CFD is complex to set up and this also has effect on simulation time. These simulations must be compared and validated with physical captured data to guarantee accuracy. As discussed previously there is a level of unpredictability that may occur depending on mesh sizes and methods of modelling used (Engineering, 2023)
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Figure 7: CFD flow study of streamline velocity and pressure contours (Lekhnath, 2022)
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Figure 8: Meshing Using ANSYS (Lekhnath, 2022)
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To fully assess the effects of fluid around the Rear wing the CFD simulation data collected should be authenticated using Tunnel testing as discussed in the modelling section. To review the prototype and correlate the simulation using content covered below is how the experiment should be caried out.
I. Use CFD modelling to Run simulation.
· Input model of Rear wing section into Solid works, using appropriate sectioning.
· Select relative Meshing profiles to set refinement, use more than one iteration of meshes.
· Select Physical Flow models depending on speeds and likely separations.
II. Collect and analyse results.
· Collect data from Downforce, drag coefficients, lift, RE number along with various other velocity distributions. Pressure distributions and wake study are also important.
III. Use Closed wind Tunnel for simulating fluid flow.
· Use a model of race car (60% of real size) that can easily be modified through quick connection of parts. Results will need to be multiplied to replicate full scale results.1:1 scale testing is currently banned. (Motorsports, 2014)
· Use sensors on various areas of F1 car to collect and gather data.
· In running Wind tunnel simulations, there are limitations that must be accounted such as maximum tunnel speeds used and number of runs allowed.
· Mimic race scenarios such as tire changes and or pit stops.
· Use smoke particles to capture recordings of fluid behaviours and vortices around vehicles.
Comparison of result
Based on results from both simulations information can be collected in the study and behaviours around the car rear wings. This information can be confirmed accurate or true and relative changes can be made, however as mentioned regulations limit the amount of runs to be carried out and therefore putting on pressure on the need to be concise and accurate with parameter settings. Using CFD require considerable knowledge and experience within the field of Fluid Dynamics and Automotive engineering, the use of Wind tunnel testing re affirms validation of information gathered by sensors on the vehicle and if possible, with use of smoke for Turbulence and Vortices identification. Both sets of results should be used in final design of wings.
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performance of a simple airfoil to nearly the same level as a complex high-performance
design. The device basically operates by increasing pressure on the pressure side of the wing,
decreasing pressure on the suction side, and helping the boundary layer flow stay attached all
the way to the trailing edge on the suction side of the airfoil. At the same time, a long wake
downstream of the flap containing a pair of counter rotating vortices can delay or eliminate
the flow separation near the trailing edge on the lower surface. Correspondingly, the total
suction on the airfoil is increased. The designer has to get all the downforce possible out of
the wing surfaces allowed by the rules. The Gurney flap surely causes some extra drag, but
can generate more downforce from the allowable wings because of the higher angles of
attack. Gurney flaps are also used as a quick way to fine tune the force a wing generates in
order to adjust the way a car handles. Varying the height of the Gurney flap adjusts downforce
(and drag, of course) and so most teams have devised ways of changing the Gurney quickly.

Figure 21: Gurney flaps are usually placed on the trailing edge of the lost
element and can significantly increase the efficiency of the rear wing.

Generally, when the aim of top speed is the main consideration of the design, the
reduction of the angle of attack is inevitable in order to minimize drag. Usually the rear
wing elements are designed to have adjustability just like the front wings, each of these
can be adjusted when the car is racing in different dynamic events (Acceleration,
Endurance etc.) via small Allen keys to achieve the required downforce and drag levels of
each event. In Acceleration event for example, many teams often choose to set their rear
wings in low or even zero angle of attack in order to reduce the drag of the elements in
minimum while until the car reaches at least 40km/h the rear wing doesn’t produce
enough downforce to give the required grip to the tires to avoid spinning. On the other
hand in Endurance and Skidpad events where the downforce is vital for the ongoing turns,
teams set their rear wings at the angle of attack that they have design them to operate
and be most efficient. Some of the most advanced FSAE teams are also using a drag
reduction system(DRS) operating with electronic actuators which give the ability to the
driver with just the press of a button to level off the angle of attack, of the rear wing
elements while driving, to reduce drag and downforce, thus increasing top speed. In the
near future, active aerodynamic devices would be adjusted via computer calculations to
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Figure 32. Drafiing arrangement of three models in andem

Figure 33. Meshing around the measure/ intermediate model

CFD ANALYSIS 6

2.3.2.3.2 Six models in tandem

‘The current case employs six full (100%) scales of Ahmed models and the
analysis is performed for rear slant angles between 0° and 40°. Similar to previous
cases discussed, six identical models (identical rear slant angles) are used and only the
inter-vehicle spacing between the models are varied computationally. The domain

information i

identical to the previous cases studied except for the fact that the
‘measured model is the 5® model from the domain inlet. The drafting arrangement of
six model platoon is indicated below in the figure 34.
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Meshing was done using ANSYS meshing having Nodes 588183 and Elements

561890. While meshing linear element order was kept having growth rate of 1.2.

Figure 2 Meshing with ANSYS CFX

c. Pre-processing

In pre-processing steady state analysis was carried out with k-€ turbulence modeling.

‘Working fluid was air and no slip wall condition was applied.

d. Post-proces:

ing

In post-processing various streamlines, contour plots and graphs were plotted

mentioning the effect of velocity, pressure and so on.
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Figure 19: Variation of ift coefficient with the number of elements

As air flows over the wing, it is disturbed by the shape, causing a drag torce. Although
this force is designed to be less than the downforce, it can seriously limit top speed and
cause the engine to use more fuel to get the car through the air. The design of the wings
should reflect the need to generate enough grip to brake at speed without skidding. This
allows more powerful brakes to be used with the same tires because the downforce
increases the tires grip. The maximum speed of the car and the necessary rate of
deceleration must be also taken under consideration. The wings should be optimized
between the downforce needed for grip whilst braking and the drag they produce. The
main problem at the designing of rear wing is the turbulence or the “wake” that is left
behind of this device. To make sure wake is reduced to minimum, the air exiting the car
cannot be turbulent with vortices. However, due to the Venturi tube effect under the car
and the wing creating downforce above the car, the two exiting “dirty” air flows meet at
the back of the car creating great vortices and affecting the aerodynamics of the car
significantly by creating drag. Therefore, it is always an aim to make the two airflows meet
as linearly as possible with minimal drag.

Rear wing endplates are designed with form and function in mind. Because of their
form, they provide a convenient and sturdy way of mounting wings. The aerodynamic
function of these endplates is to prevent air spillage around the wing tips and thus they
delay the development of strongly concentrated trailing vortices. Trailing vortex or induced
drag is the dominating drag on any kind of wings. An additional function of the rear
endplates is to help reduce the influence of up flow from the wheels. The vortices start
later on the wing with end plates because the airflow is forced to move in one direction of
motion and can only start whirling after the rear wing. Splitting the airfoil into separate
elements is one way to overcome the flow separation caused by adverse pressure
gradients.

Rear wing without end plates Rear wing with end

Small vortices
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