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A report into the affecting factors of fluid flow around an airfoil profile.
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Reynolds (Re) number is a dimensionless value representing the ratio of internal forces to viscous forces, used in fluid mechanics to determine whether the flow regime of a fluid is laminar, transitional, or fully turbulent, calculated using the following equation:

Re = (ρ * V * L) / μ

Where:
- Re is Reynolds number
- ρ is the density of the fluid
- V is the velocity of the fluid relative to the object or through the conduit
- L is a representative length in respect to the boundary of flow (such as diameter)
- μ is the dynamic viscosity of the fluid
Laminar flow occurs when Re is low, when flows are smooth and streamlined around an object, with little to no turbulence. Laminar flow can be reversable and predictive, allowing the direction of flow to retrace its path when reversed. An example of laminar flow would be a low velocity flowing water, in which the water would move smoothly with fluid particles moving in parallel laminae, retracing the lines if the water direction were to be reversed.
Contrastingly, turbulent flow occurs when Re number is high, typically greater than 2000. In turbulent flow the fluid moves in the boundary in a chaotic manner with disruptions to the path causing particles to flow in unpredictable momentous fluid flows. Due to the nature of the changes of direction, the velocities are higher when turbulent flow occurs, comparingly like the fluid movement in a chaotic river. Turbulent flow typically occurs when there is a change of direction, mass, temperature, momentum, change of velocity or change in friction.
Laminar flows typically occur when Reynolds number is <2300, with turbulent occurring >4000 (Pope, 2000). When Re numbers are between these figures, the flow can be both laminar and turbulent, entering the state of a transitional flow. (Malalasekra, 2007). 	  Flows can also start as laminar but transition into turbulent with the change in variable characteristics. 
[image: ]
(Simulations, 2023)
Figure 1 by Simulation Ideas illustrating the fluid flow around a spherical object and its relevance to turbulent or laminar airflow, with Reynolds number ranges indicated.
Figure 1 shows how the fluid at different Reynolds numbers would move around an object, this is a useful visual to help understand and predict how the airflow would move around the airfoil profile. Figure 2 shows the typical airflow lines around the airfoil profile.
[image: Laminar Flow Airfoil] (Online, 2002)
Figure 2 is an illustration produced by Aviation History, showing the typical airflow around an airfoil or wing profile.
 The Reynolds number is used in many engineering aspects and fluid dynamics to analyse and predict the behaviour of fluids in various applications, such as in pipes, channels, aircraft wings, and ship hulls. Aiding the design and optimising systems for efficient and safe fluid flow, Reynolds number is heavily used in CFD applications.
Computational Fluid Dynamics is a significant tool for the design and testing of a product and having Re aids the simulation of how the fluid flows around it. Used widely for aerodynamics by the aviation and automation fields, the use of Reynolds number and CFD allows a universally accredited and accurate result of the products characteristic, such as fluid movement to calculate drag, pressure changes and energy transfers. 
Used in automotive and aviation industries, calculating the properties of drag and any frictional forces allows the design of the product/s to be altered to allow the most energy and fuel efficient. Calculating the Reynolds number allows engineers and analysists to simulate fluid flow to determine these factors.
Typically, a race cars rear wings Reynolds number can be calculated using the following formula used to calculate Reynolds number of a curved surface: 
 
where, c = chord length, 
𝑈∞ = freestream velocity, 
ρ = fluid density, and 
µ = dynamic viscosity of the fluid.		 (E L Houghton, 2017)

Using a compiled table of airfoil dimensions from figure 3 below, the significant length of the airfoil is dimension ‘B’, and to be taken as 250mm. Given mean average is 9.5” which is approximately equal and rounded to 250mm.
[image: ] (Performance, 2023)
Figure 3 showing a table compiled by APR Performance, to show typical race car rear wings.

Ideal dynamic viscosity at 15°c is 1.81x10-5 . (Edge, 2023)
Freestream velocity used is max speed reached, converted to m/s of 103m/s. (McCarthy, 2023)
The Reynolds number would be calculated as following.
  	Re = 1,742,748.6

The calculated Reynolds number indicates that the airflow around the airfoil rear wing is very turbulent, as Re = >4000. As a safety factor, the velocity and viscosity factors would be considered, simulated, and tested and Re number will be recalculated based on extremities of highest and lowest possible factors. 
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Boundary layer refers to the thin layer of fluid, usually static or very slow moving, which is adjacent to the surface of the object in which the fluid force is applied. This thin layer, acts in a way where the friction between the object and fluid holds back the flows nearest to the object, leaving the flows unaffected further away from the object. Boundary layers directly correlate to the flow in which it is in, for instance, laminar boundary layer and turbulent boundary layer.
When Reynolds number is below 1x105 , the boundary layer flow is laminar, when Re is greater than 5x105, the boundary layer flow is turbulent, anything between is transition region boundary layer flow. 
As the flow comes into contact with the curved surface, it is referred to as a stagnation point, as the flow moves along the wing, the boundary will begin to grow. While the fluid around the object moves at freestream velocity, the boundary of the object will have a velocity of 0, with the boundary layer flow having a transitional region figure.  
The boundary thickness determined by the viscosity within the fluid. Due to the curved surface, unlike a simple flat plate, having a constant velocity, a curved surface will have an increased potential energy, subsequently, a decreased pressure, producing a favourable pressure gradient decrease in fluid flow, encouraging the fluid flow. A shearing action occurs, when the velocity and pressure changes, which produces the different boundary flow regions (refer to figure 4), on a curved profile like an airfoil, or wing, the shearing action acts to slow down the fluid flow, which is counter acted by the positive pressure gradient. After the apex of the airfoil, the pressure gradient is adverse, meaning the pressure will increase, resisting the movement of fluid flow, this paired with the viscous fluid, reduces the velocity in the boundary layer, creating the separation point.
[image: Appendix F] (NASA, Accessed July 9th 2023)
Figure 4 illustrating Laminar/turbulent boundary flow layer regions on a typical wing.
[image: Appendix F] (NASA, Accessed July 9th 2023)
Figure 5 representing the fluid flow transition from laminar to turbulent upon reaching the separation point.
After the separation point, the velocity reverses, causing turbulent flow, (as represented in figure 5) and a wake at the tail end, resulting in the reduced lift forces, and increased drag forces. In order for the wing to be the most effective in terms of producing optimal lift forces (downforce) and reduced drag, the separation point needs to be as far back on the airfoil or wing profile as possible.
To reduce drag and delay the separation of the wing, kinetic energy needs to be added to the boundary layer. Typically, in the automotive or aviation industry, the airfoil would have a slotted profile to achieve this desired delay.
[image: How The 4 Types Of Aircraft Flaps Work | Boldmethod] (Cutler, 2023)
Figure 6 by Cutler shows the slotted airfoil/wing profile resulting in an introduction of kinetic energy in the form of fluid, affecting the air pressure and velocity in the boundary layer.
As represented in figure 6 through the introduction of a slotted profile, the air flows through the slot, so the adverse pressure gradient isn’t achieved. The extra air, allowing the introduction of kinetic energy results in a reduction of drag and increase of downforce. The airfoil in the brief was designed with a slotted airfoil, clearly taking into consideration the greatly positive effect that allowing the kinetic energy has on the overall outcome of the component.
From the calculated turbulent flow from the Reynolds number, it is clear that the component is able to be designed in such a way to handle, optimise and take advantage of the fluid flow. Such calculations are critical when designing and engineering a product as substantial as the rear wing.
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[image: Ultimate Guide to Carbon Fiber Design & Application] (Composites, Accessed July 9th 2023)
Figure 7 is an image of carbon fibre woven in its final form.
[image: 12k Carbon Fiber tow under a microscope] (Jones, 12k Carbon Fibre tow under a microscope, 2021)
Figure 8 by Structural ARS showing Carbon fibre under a microscope.
[image: Illustration carbon fiber car how much is carbon fiber carbon fiber car body carbon fibre car carbon fiber car parts bmw carbon fiber]
Figure 9 an illustration by BMW of the crystalline structure of carbon fibre and the rolling method to produce the fibre coil. 
 Advantageously it is high in stiffness, tensile strength, has low thermal expansion, and good critical safety factors, making it very popular in the automotive, aviation, marine and militant industries. (Engineering, 2023). Whilst many benefits of the material composite, there is one significant disadvantage, and that is the cost. Production and subsequently the purchasing of carbon fibre was significantly higher than their comparator materials, however, in recent years, the production of carbon fibre has become more reasonable and affordable. 
Carbon fibre matches, and in some cases, betters the properties of many popular material choices such as the strength of steel, or the tensile strength of Kevlar, without compromising the lightweight factor that makes it so widely desired. Carbon fibre also has very good thermal expansion properties and good energy absorption rates. (Arnold, 2020) . 

	[image: Mechanical properties of carbon fibers compared with steel materials. ] (Liu, 2015)
Figure 10 from Carbon Fibre Reinforced Polymer for Cable Structures shows how carbon fibre compares to steel properties for density, tensile strength, and elastic modulus.  

Whilst it can act as well as steel for strength, it will not corrode like steel, giving it longer lifespan, this is due to the fact carbo fibres are not influenced by air, humidity, weak acids, alkalis, and solvents at ambient temperatures. (Latifi, 2021)	. Despite these positive factors, it cannot be dismissed that carbon fibre has a low shock resistance and fibre will crack and shatter, making it extremely important to ensure any appropriate tests are conducted, virtually and practically to reduce the risk of this. In addition to this, at higher temperatures, carbon fibre will also oxidise, though it is worth noting that it doesn’t oxidise at the rate that other materials do.
Having first been introduced into the formula 1 racing scene in 1981, carbon fibre has since become the most used material on F1 cars. Typically, F1 race cars now comprise of 85% of the car’s materials. (Shortland, 2023). The use of carbon fibre started with McLaren implementing it into their monocoque chassis in the 1980s. Now used in almost every aspect of the vehicle, particularly in aerodynamic components. Carbon fibre can be tailored to suit many property requirements of the projects, for example adding energy absorbing properties to reduce the risk of deformation upon high impact or high tensile strength.  
One major component of the 85% make up of carbon fibre components are the wings, front and rear. Designed to produce downforce to maximise the vehicles stability and handling, the use of carbon fibre allows for intricate and complex designs, without losing the most efficient aerodynamic properties and the lightweight factor. (Thomas, 2013)
The rear wing in more recent times, constructed of carbon fibre, has been widely used with a curved airfoil profile. As experienced by Chrysler design experts, advised that given the considerable amount of downforce required for the best optimality, the only material suitable for a rear wing would be carbon fibre reinforced polymer. (Malnati, 2009). Achieving required downforce while allowing the vehicle to stay in the required weight tolerances. Comparisons of other materials were conducted, proving that extruded aluminium isn’t suitable for the aerodynamic requirements, as well as being 50-80% heavier. Tests concluded that blow moulded thermoplastics we not able to handle the downforce at the higher speeds and sheet moulded compound would exceed the weight allowance for the component and subsequently, the vehicle.
Thorough research, simulations and prototype testing continually shows the advantages of the use of carbon fibre, allowing the project designers and engineers to clearly see the benefits an determine if the negative factors of low shock resistance and high production costs are enough to justify the use of carbon fibre components.
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CFD software ‘creates computational fluid dynamics simulations that engineers and analysts use to intelligently predict how liquids and gases will perform’ (AutoDesk, 2023). The software is the mathematical simulation of flow determined by governing equations. 
The use of CFD is extensive and very beneficial to the calculation and design stage of a product or project to determine several factors. Calculating Re allows us to simulate a realistic airflow, transitioning from laminar to turbulent as and when required, once this is calculated, a multitude of factors which airflow correlate directly from can be calculated.
Some benefits of CFD application include energy analysis and subsequently optimizing energy efficiency, furthering the development of efficiency CFD application provides a reduced element of failure risk. With the use of CFD programmes, the analysis of fluid movement allows a cheaper alternative to prototypes and physical testing, saving time and reducing costs. 
Upon conducting testing of the airfoil, using both CFD methods and practical prototype testing, we would typically expect to see the results in figure 11 replicated, as well as separation around the low-pressure area aforementioned. 
[image: Rocket Planes - Science]
Figure 11 illustrating fluid lines around airfoil profile.
Shown in figure 11 it is evident how the flow lines of fluid movement will predictably move around an airfoil. Fluid lines below the airfoil show less turbulent movement, which will also have higher pressure areas. Contrastingly fluid lines above the airfoil show a significant difference, with turbulent regions being shown due to the disruption in airflow, with lower pressure areas after the apex of the airfoil, before separation.
[image: ] (Sarah Becker, 2017)
Figure 12 is a CFD result showing normalised velocity around an airfoil profile.
Refering to figure 12, it can be seen how both the pressure and veolcity can be determined from CFD softwares. Analysing how the velocity changes over and around the airfoil will allow designers and project engineers to make changes to the product as seen fit to optimise air flow and subsequently maximuse energy efficiency. From the veolcity and aerodynamic forces given from the CFD inputted with the calculated Re number, the project engineers can calculate the downward force, aerodynamic force, drag and lift for any wing.
Theoretically, the best test for airflow around an airfoil would be through a programme like CFD, however, some might argue that CFD cannot be programmed to act in such a way that would be representative. A representative test would be to use an air or wind tunnel, and have representative data inputted to get the most accurate results possible.
Air or wind tunnels are machine simulators which allow a stationary object to be placed and have the velocity-controlled air passed over to analyse the aerodynamic properties of the object by assessing the fluid flow interaction, simulating how the object would act if it were moving.  Air is forced into the tunnel, at desired speed and in automotive industries, the car moves along a large conveyor belt, to represent the relative flow. The availability of a wide range of air properties (fluid type, pressure, velocity etc) allows for a full practical analysis of test specimen. Often fluid flow streams include small amounts of smoke, which allow for prominent streams easily identified, a great visual for project engineers (figure 13). When putting something into practice, the comparisons between the results from a software developed result and prototype results can be used to further develop the software which may be missing critical information.
[image: Wind Tunnel] 
Figure 13 shows air tunnel testing conducted using smoke in the fluid to identify fluid flow lines.
Test results from such practical results and results used from CFDs are often indistinguishable. If there were to be a practical test of the airfoil given in the brief, it would be best conducted in a wind tunnel. The wing as a prototype, to scale or 1:1 would show exactly how the fluid moves around the airfoil in practical application, but not always representative.
It is to be expected to achieve results almost identical to the below figure 13 where there’s high velocity, but no turbulent flows or separation.[image: Numerical investigation of Darrieus wind turbine with slotted airfoil  blades - ScienceDirect] (Omar S. Mohamed, 2020)
Figure 14 by Mohamed showing the slotted airfoil allowing air producing kinetic energy.
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WING DIMENSIONS TABLE (CLICK TO VIEW)
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N Density p Tensile Strength  Elastic Modulus  Breaking Length
Material type (kg/m®) 0. (GPa) E (GPa) Gul(pg) (km)

Standard 1760 3.53 230 205
Carbon fiber  High strength 1820 7.06 294 39
High modulus 1870 345 441 188

S355 7850 0.50 210 6

Steel

Wire 7850 1.77 210 23
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