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Introduction
This assignment delves into various aspects of wing design and their influence and performance. We will discuss the significance of Reynolds number in understanding and predicting the flow behaviour around the wing. Furthermore, we will explore the relationship between boundary flow, flow separation, and turbulence, explaining their implications for wing design. The choice of Carbon Fibre Reinforced Plastic (CFRP) as a wing construction material will be examined, considering its historical development, current advancements, and future prospects. In addition, we will examine different modelling techniques employed to simulate fluid flow around the wing, highlighting their respective advantages and disadvantages. Lastly, we will explore the proposed approach of laboratory testing a wing prototype, examining how the acquisition and comparison of experimental data with simulation results can provide valuable insights into its fluid flow characteristics.

TASK 1
The Reynolds number (Re) is a dimensionless parameter that plays a crucial role in fluid dynamics. It represents the ratio of inertial forces to viscous forces in a fluid flow and helps characterize the flow regime (Nuclear-Power, 2021). The formula to calculate the Reynolds number is given as:

Where:
V = Velocity of flow (m/s)
L = Characteristic linear dimension (m)
ρ = Fluid density (kg/m3)
μ = Dynamic viscosity (Pa.s)
ν = Kinetic viscosity (m2/s)

The importance of Reynolds number lies in its ability to determine the flow behaviour, such as whether it is laminar or turbulent. For low Reynolds numbers (< 2000), the flow tends to be laminar, characterized by smooth, ordered flow patterns. On the other hand, high Reynolds numbers (> 4000) indicate turbulent flow, which is chaotic and unpredictable, with eddies and vortices. Between these two numbers is the Transitional flow region, where the flow exhibits orderly regions in some parts, and shows irregular fluctuations in others. (Durst, 2022)
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Description automatically generated]In the context of a race car rear wing, the Reynolds number is significant as it influences the aerodynamic performance. The rear wing is designed to generate downforce by manipulating the airflow. The flow regime around the wing determines the effectiveness of downforce generation, drag reduction, and overall stability.
At low Reynolds numbers, the flow around the wing tends to be laminar, resulting in smoother airflow and less turbulent wake. This can lead to lower drag but may limit the wing's ability to generate significant downforce. As the Reynolds number increases, the flow becomes turbulent, creating a more energetic and turbulent wake. The increase in the turbulent flow allows for increased downforce generation but also comes with higher drag.
To estimate the Reynolds number around the wing, a few assumptions must be made. These are to follow. 

Velocity = 61.94m/s (223KPH) This is reported to be the average speed of an F1 car according to (Professionals HQ, 2023).

The dynamic viscosity of air at 15°C = 0.00001802 Pa.s

Density of air at 15°C = 1.225 kg/m3  

These figures were taken from (Edge, 2020), and a temperature of 15° was assumed by looking at the average temperature for June between 2015-2022, according to (Salas, 2023).

Character linear dimension = 0.35m (Chord length of lower air foil)

By inserting these figures into the Reynolds equation, we get:


 = 1,473,739.

This shows the flow is turbulent. At first this figure looked too large to be correct, however the Reynolds number is considered a general rule where the character linear dimension is typically a length of plate, or diameter of pipe and according to Steven Vogel, for complex geometries and external flows  the ‘datum of 2000 has no relevance at all’. For the sake of comparison, a tuna swimming at 10m/s has a Reynolds number of ~30,000,000 (Vogel, 1996).

TASK 2
The boundary layer, a thin layer of fluid directly interacting with an object's surface, is a significant aspect of fluid flow. It exhibits viscous effects and has zero velocity. As air flows over the wing, molecules in contact with the surface stick to it (Schlichting Herrmann, 2000).
[image: ]Boundary flow around the rear wing of an F1 race car is a crucial aspect of aerodynamics that significantly affects the car's performance. The rear wing's primary purpose is to generate downforce, which pushes the car's tires onto the track, increasing traction and allowing for higher speeds during cornering.  
As air encounters the front of the wing, it gracefully flows around the wing's profile and as the fluid flow exerts pressure on the surface, behind the wing, a steep pressure gradient materializes until an inevitable event occurs—separation. Flow separation happens when the airflow detaches from the wing's surface and begins to reverse its direction, disrupting the smooth airflow and increase drag. At higher speeds or when airflow encounters rough or uneven surfaces, turbulence becomes an inevitable consequence. Although turbulence produces more drag, it generally exhibits greater resistance to separation, contributing to the overall aerodynamic dynamics of the rear wing. (Witheridge, 2020) 
In order for the wing to create enough downforce there is a consequential increase in drag. To maximise the lift/drag ratio, the wing has been designed with several features that aid in one way or another. These include having to elements (Air foils), end plates, louvres, end plat cut outs, and slats or vanes on the bottom. 
[image: ]Multi-element (Air foils) – The main component of the wing, with the purpose of generating negative lift. The airflow interaction with the elements results in distinct effects on the air above and below them. As the fluid flows around the elements, the air beneath is compressed into a narrower space, leading to an acceleration in its velocity and a subsequent decrease in pressure. This is due to the Bernoulli principle. (Lake, 2023) This airflow underneath the wing follows the contour until reaching a point of flow separation, a turbulent wake is created in the rear of the wing, resulting in the generation of drag. Conversely, the air above the elements is constrained to adhere to the profile, causing a reduction in its velocity and an increase in pressure. This pressure disparity is responsible for the generation of downforce on the wing. However, it is important to note that the production of downforce is accompanied by an increase in drag. (Azmi et al., 2017)
[image: ]The addition of a slot or gap between the elements allows some of the air travelling over them to flow through. The air flowing through will be injected into the low-pressure turbulent flow behind the wing adding energy and direction, which will help reduce drag resulting in a less turbulent wake. (Om Raj et al., 2022). The orientation, or angle of attack of the upper element as a direct effect on the lift/drag ratio, with higher angle increasing downforce and drag, and a lower angle decreasing downforce and drag. (Om Raj et al., 2022) This is due to the airflow being less restricted, with the higher velocity air mixing with the lower pressure air sooner.
End Plates – The end plates are vertical surfaces located at the outer ends of the rear wing. They serve multiple purposes, including reducing the airflow spillage around the wingtips and improving overall aerodynamic efficiency. By containing the flow within the wing's span, the end plates help minimise aggressive spill over vortices and in turn enhance downforce generation and minimize drag. (Taylor, 2018) 
[image: ]Cut-outs at the top rear of the end plates: These cut-outs are strategically placed at the top rear of the end plates. They allow some of the high-pressure air from the upper surface of the wing to escape, creating vortices, helping to equalize the pressure on both sides. This pressure equalization helps maintain better flow attachment and reduces separation. 
Louvres at the front of the end plates: The louvres, typically positioned at the front of the end plates, aid in pressure equalization and flow control. They allow controlled air passage through the end plates, helping to balance the pressures between the high-pressure air, and the ambient air besides the wing. The louvres also contribute to the generation of vortices, which energize the airflow and improve the wing's performance. These vortices work in the opposite direction the ones generated by the cut outs. 
Slats/veins on the end plates: Slats or veins are small, angled surfaces incorporated into the end plates. They help direct the airflow and manage the boundary layer near the wing's edges. By manipulating the flow behaviour, slats/veins can delay separation and improve the overall efficiency of the rear wing. (Urlings, 2016)
Gurney flap: The gurney flap is a small, vertical extension at the trailing edge of the rear wing. It modifies the airflow by creating a pressure differential between the upper and lower surfaces. This pressure difference enhances downforce generation and aids in maintaining attached flow, delaying separation. The effectiveness of the gurney flap increases with higher velocities. (Yoanita et al., 2021)
Designing the rear wing with appropriate camber, angle of attack, and endplate configurations helps to delay separation and maintain attached flow for as long as possible. By controlling the boundary layer and managing the pressure distribution, engineers aim to minimize flow separation and maximize the wing's performance.


TASK 3
A race car wing made from Carbon Fibre Reinforced Plastic (CFRP) offers several performance benefits over other, traditional materials. CFRP is a composite material that combines the high strength and stiffness of carbon fibres with the light weight and corrosion resistance of plastic resin. This combination of properties makes CFRP a popular choice for Formula 1 car rear wings, as well as various other parts. Some of the main benefits are weight reduction, stiffness and structural rigidity and bespoke design.
Weight Reduction – With the FIA regulations stating ‘The mass of the car, without fuel, must not be less than 798kg at all times during the Competition’ (de l’Automobile, 2023 4.1), the vehicles mass, and its mass distribution is critical. Reported to be 60% the weight of aluminium, and up to 5 times lighter than steel (SGL Carbon, 2021) CFRP is an ideal material to use to reduce weight, without losing strength.
Stiffness and Structural rigidity - Unidirectional reinforcing using carbon fibre which have a nominal tensile modulus ≤ 550Gpa, and a nominal tensile strength ≤ 7100 Mpa is permitted by the FIA (de l’Automobile, 2023 15.3.3a) which lies within the range for tensile strength of 2-7Gpa, governed by and 200-700Gpa modulus quoted by (Mirdehghan et al., 2021). These ranges vary between the afore mentioned figures due to factors such as the diameter of the fibres, how many filaments are in the tows, and importantly the heat treatment temperature. Lower temperatures of heat treatment [1300°-1500°C] produce fibres with allow modulus, and high tensile strength. Higher heat treatment temperatures [2000°-3000°C] produces fibres with a high modulus and lower tensile strength (Bolton & Higgins, 2014). 
In Formula 1, various ISO regulations are applicable to carbon fibre reinforced plastics (CFRP) used in different components of the cars. While specific ISO standards may not be directly referenced in Formula 1 regulations, they often align with the requirements and testing methods outlined by ISO. Two standards that apply are ISO 527-1:2019 and ISO 14126:1999, which govern the determination of tensile properties, and compressive properties, respectively. (ISO 14126, 1999) (ISO 527-1:2019 2019)
Some exciting advancements are being made regarding the enhancement of CFRP’s properties by incorporating carbon nanotubes (CNT). By adding CNT, the mechanical properties of the material can improve by strengthening the weak link between the fibre and the resin (Gangineni et al., 2022). By reinforcing CFRP with CNT could it be feasible to reduce filament size and numbers to reduce the overall weight whilst maintaining an adequate strength to weight ratio? Could we orientate the CNT into their own filaments and replace the fibres with these?
Tailored Design – Various manufacturing processes can be used to make bespoke designs using CFRP. Generally a mould will be made to the specific dimensions of the wing, with fibres  pre impregnated with resin are placed in the mould in the desired orientation. The mould is then heated, or air cured allowing the CFRP to take the shape of the mould (Mitsubishi, 2020).
Research conducted by (Chacón et al., 2019) has shown some promise in manufacturing CFRP via additive manufacturing. By using fused deposition modelling (FDM) there will be no need to create moulds to form the shape, lowering costs, and increasing the speed to prototype designs. 
The development of cost-effective and high-quality manufacturing methods for machining CFRPs still remains a challenge. Whilst being an advanced material CFRP is limited due to its poor machining performance. In a study by (Debnath & Inderdeep Singh, 2017) it is evident advanced machining processes, particularly drilling, show promise for machining CFRP parts. As the demand for reduced manufacturing costs, increased productivity, and improved surface quality of machined CFRP parts continues to grow, the adoption of advanced machining techniques is likely to become more prevalent in the near future.


TASK 4
CFD, or Computational Fluid Dynamics, relies on three primary numerical techniques: the Finite-Element method (FEM), the Finite-Difference method (FDM), and the Finite-Volume method (FVM).
Finite-Element Method (FEM)
[image: ]The finite element method (FEM) involves the subdivision of a computer-aided design (CAD) model into simpler geometric shapes, resulting in a finite-element mesh comprising these small elements. The selection of equations in FEM is contingent upon the specific physics required for the modelling task at hand. Once the analysis scope is determined, a set of field equations that characterize the physics is applied to each individual element. Within each element, the fields are approximated using simple functions defined within the degrees of freedom. These equations encapsulate the localized physics occurring around each element, and when assembled into the larger matrix representing the object, they can be solved by computational fluid dynamics (CFD) software to yield an accurate representation of the system under investigation. The diverse applications of FEM are customized to address distinct physical aspects, exhibiting unique structural imprints within the matrix. (Chung T, 2010). The finite-element method requires mathematical expertise due to its advanced mathematics. When it comes to time-dependent simulations, other methods are preferred for efficiency. 
Finite-Difference Method (FDM)
[image: ]The finite-difference method (FDM) is a straightforward technique used to discretize partial differential equations. It involves replacing each derivative in the equations with an approximate difference formula, typically derived from a Taylor series expansion. By dividing the computational domain into hexahedral cells, FDM incorporates discrete equations in lieu of continuous representations of the object's equations. This enables the determination of solutions for each node that is included in the discretized system. (Chung T, 2010). Using simple hexahedral  cell geometry, this method struggles with simulations with complex geometry.



The Finite-Volume Method (FVM) 
The Finite-Volume Method (FVM) follows a similar approach to FEM by dividing a computer-aided design (CAD) model of an object into smaller geometrically simple shapes of finite size. In FVM, these shapes are referred to as cells instead of elements. One of the key principles of FVM is the application of conservation laws, where the forces acting on one side of a cell must be balanced by the outflow on the opposite side of the cell. This concept leads to the formulation of flux conservation equations, which represent an average over the cells (Manganih, 2016). Fluxes play a significant role in FVM as the resulting equations involve the calculation of fluxes of the conserved variable, which only need to be determined at the cell boundaries rather than at every node. By leveraging the conservation laws, FVM is capable of handling nonlinear problems that may give rise to discontinuities in the solutions. In essence, FVM ensures that what enters a cell must exit it. Historically, FVM has demonstrated successful performance in solving fluid flow problems. (Chung T, 2010).
The Finite-Volume Method (FVM) is chosen over the Finite Element Method (FEM) for simulating fluid flow around the wing due to several factors. FEM's advantage lies in combining different functions for accurate approximations, but it faces challenges with time dependant tasks and complex mathematics. FVM, on the other hand, has faster computational time, handles complex geometry well, involves simpler mathematics, and has a successful track record in fluid flow problem-solving. Due to the number of small cells that will need to be concentrated around the wing as the finer the mesh, the more accurate simulation, FVM is the preferred method for this simulation task.

TASK 5
The Experiment
A full-size replica of the wing will be produced and tested in a Closed-Circuit High-Speed Wind Tunnel. The tunnel will be large enough so that the blockage will cause minimal error, not to overestimate the coefficient of drag and coefficient of lift. 
A closed-circuit tunnel has been chosen due to its controlled and repeatable flow conditions, enhanced flow quality and reduced external disturbances. The test wing will be held above a porous board with suction to remove the boundary layer upstream, and to stop a new boundary layer developing in the test area ensuring more accurate results.
It is important to note that whilst we may get better results by using the above mentioned set up for the experiment, we do need to take into consideration that the temperature in a closed-circuit tunnel will increase with time when running, and may need to be cooled using heat exchangers so that the Reynolds number will not be effected. There is also the possibility of smoke used to visualise the airflow will build up and need to be exhausted.
Acquisition of data
Pitot tubes connected to manometers will be connected on and around the geometry of the test piece, in order to measure the velocity and pressure distribution of the wind flow around the wing. These will be placed on each element, as well as the gurney flap, where pressure is expected to be at its highest. Some will be placed below and behind the wing, where the pressure is expected to be at its lowest. Other pitot tubes can be placed near the wings design features, such as cut outs, louvres, and slats. It is important to run the CFD simulation first to see the distribution of velocities and pressures and closely mimic areas of interest with pitot tubes. Finally, a matrix of pitot tubes can be placed downstream of the entire wing, to accurately measure the wings wake. These positions can be adjusted if needed, but that would incur extra costs of running the wind tunnel. Streams of smoke are to be released into the wind tunnel to help visualise the fluid flow.
Data comparison
Quantitative comparisons can be made by assessing factors such as pressure distributions, velocity profiles, or aerodynamic coefficients made by the pitot tubes. Once all measurements are recorded, they can be plotted onto a graph and compared to the simulation results.
 Visual comparisons of flow patterns and qualitative observations can also provide insights made by the smoke streams.
Ensuring consistent boundary conditions between the experiment and simulation is crucial. If the data from both techniques correlate, the simulation results can be deemed reliable. However, if the data does not align, it suggests a potential problem within the CFD program that needs to be addressed and adjusted.

Conclusion
The Reynolds number plays a critical role in understanding and predicting the flow characteristics around a wing. A high Reynolds number indicates turbulent flow, which can significantly influence the aerodynamic performance of the wing. Understanding boundary flow is essential as it relates to the occurrence of flow separation and turbulence around the wing. The design of the wing, including features such as air foils, end plates, louvers, cut-outs, and slats/vanes on the bottom, aims to minimize flow separation and turbulence, optimizing aerodynamic efficiency and stability.
The use of Carbon Fibre Reinforced Plastic (CFRP) in wing construction offers numerous implications for wing performance. Historical developments have witnessed the gradual integration of CFRP, driven by its exceptional strength-to-weight ratio and high stiffness. Current advancements continue to refine its properties and manufacturing techniques, adhering to technical literature, industry standards, and race regulations. CFRP's lightweight and robust characteristics enhance the wing's performance by reducing weight, increasing fuel efficiency, and improving manoeuvrability.
Various modelling techniques can be utilized to simulate fluid flow around the wing, with Finite Volume Method (FVM) being a popular choice. FVM provides detailed insights into flow patterns, pressure distribution, and forces acting on the wing.  FVM was chosen due to it fast computational time, handling of complex geometry, it involves simpler mathematics, and has a successful track record in fluid flow problem-solving.
A full-size wing replica will be tested in a closed-circuit wind tunnel using Pitot tubes and smoke streams. The tunnel provides controlled conditions, while the porous board with suction removes the boundary layer. Heat exchangers may be used to maintain consistent temperatures. Data will be compared to simulation results by analysing pressure distributions, velocity profiles, and aerodynamic coefficients. Consistent boundary conditions are crucial. Discrepancies indicate issues with the simulation program.
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