                         Daniel Davies                                                                                           18013452


[image:  UWTSD Logo ] 




University of Wales Trinity Saint David School of Engineering
Final Report on Aerodynamics
for the Greenpower Group Project 
(M5X02204)
Unplugged Performance, n.d. CFD Image of Tesla Model 3. [image][Accessed 27 January 2020].














By: Daniel Davies
Student Number: 1801345
Date: 27th January


Contents 

Section 1.0
1.0 Introduction..................................................................................................(Page 4)                                                                                    
1.1 Introduction to Aerodynamics...........................................................(Page 5)
Section 2.0
2.0 Aerodynamic Principles................................................................................(Page 6)
2.1 Research.............................................................................................(Page7)
2.2 Coefficient of Drag.............................................................................(Page 8)
2.3 Design Inspiration.........................................................................(Page 8-10)
2.4 Materials.....................................................................................(Page 11-13)
Section 3.0
3.0 Methodology.........................................................................................(Page 13-14)
Section 4.0
4.0 Concluding Factors......................................................................................(Page 15)
4.1 Conclusion........................................................................................(Page 16)
4.2 Referencing......................................................................................(Page 17)







List of Figs /Tables
Fig 1.        	Main Forces Acting Upon the Vehicle 
Fig 2.        	 Lotus 51C Formula Ford 1962.
Fig 3.         	 Lotus 69 Formula Ford 1969.
Fig 4.          	 1962 Ford Mustang Concept 
Fig 5.        	 Greenpower CFD sideview image 
Fig 6.                     Greenpower CFD Image Showing different Frontal Area Designs 
Fig 7.                  Carbon fibre Mould
Fig 8.                  Greenpower Body Dimensions 
Fig 9.                   Final Design 
Fig 10.                 Final Front End design
Fig 11.                 Rear End Design 
Fig 12.                  

Table 1.    	 Materials available for bodywork applications.
Table 2.     	 Materials chosen for bodywork applications

Abbreviations

Cd 	Coefficient of Drag 
CFD 	Computational Fluid Dynamics
Fa	Frontal Area      m2
p           Density of Air    Kg m4
V           Velocity              m/s
D           Drag Force        N

			 
Section 1.0
Introduction

“Inspiring young people around the world to excel in Science, Technology, Engineering and Maths through a unique challenge: to design, build and race an electric car.” (Greenpower Education Trust, 2018)
The ever-increasing advances in technology create an acute need for engineers. In answer to this demand, the Greenpower Education Trust programme challenges students aged 9 – 25 from across the world to design, build and race electric-powered, single-seater cars in motorsport conditions. Since the first race that was held at Goodwood back in 1999, the challenge has expanded internationally to India, Poland, China, South Africa, Malaysia, Singapore and the USA.
Based on the four STEM principles whilst also developing teamwork, problem solving and financial management skills, the programme delivers a ‘hands on’ competitive racing challenge to over 700 teams based at schools, colleges and universities. Running at four levels of competition from Formula Goblin (age 9 to 11), Formula 24 (age 11 to 16) to F24+ (age 16 to 25) with more than 10,000 students participating.
Teams registered in the F24 category have the option whether to purchase a Greenpower ‘Kit’ Car for self-assembly excluding the bodywork, or to design and construct their own car from scratch whilst adhering to the regulations set by the organisation.
The thirty-five races are competitive all-day regional events held in venues varying from simple ‘coned off’ courses to the famous ‘Top Gear’ track at Dunsfold. Having previously been held at both the Goodwood and Silverstone Race Circuits, the prestigious annual International Finals currently take place at the Rockingham Motor Speedway, located in Northamptonshire.
“The increasing new registrations of battery electric cars (ULEVs) in the UK growing to 37,850 in 2019, showing an increase of 144% in comparison to 2018 when 15,510 cars were registered, signifies an increasing need for more engineers.”  (Dept of Trans. Gov.UK Dec 2019).
The Greenpower program plays an increasingly important role in providing a service that engages a young and aspirational generation by getting them involved in engineering and science; assisting various companies to seek tomorrow’s engineers. 
After analysing the relevant engineering guidance provided, the challenge is to assemble a race car suitable for the F24 class, whilst analysing and identifying possible alterations to improve overall vehicle performance and efficiency.
(Shared Introduction. Daniel Davies, 1801345. Alex Wright 1701086. Corey Davies 1703828)
Greenpower.co.uk. n.d. Home | Greenpower. [online] [Accessed 27 January 2020].
Computer.org. 2017. CSDL | IEEE Computer Society. [online] [Accessed 27 January 2020].









1.1 
Introduction into Aerodynamics

Vehicle aerodynamics is quite different to aircraft aerodynamics. With Vehicles, when they travel at a speed the air resistance becomes greater. Air resistance, also known as drag acts opposite to the oncoming flow velocity, thus slowing the object down. Because of this, the object would need more energy to overcome the air resistance. 
Over the years aerodynamics has progressed and has become an essential part of motorsport and even road cars. Good aerodynamics can contribute to better performance and overall effectiveness. Also, in motorsport having effective aerodynamics can improve lap times rather than putting many recourses into the powertrain. Many companies invest heavily in aerodynamics to have an advantage over the rest of the competition.
During early discussions regarding the issue of drag on the Greenpower car, it was assumed that the amount of energy required for acceleration and rolling resistance would outweigh the amount of energy required to overcome the aerodynamic drag. However, it was later discovered that this would not be the case. As any amount of drag encountered would act against forward motion and directly affect the energy efficiency and road speed. The aim was to achieve the least drag possible within given parameters. 

‘‘The single biggest performance limiting factor for a Greenpower car is aerodynamic drag and is often overlooked where it should perhaps be incorporated during the earliest stages of design’’.  (Luke Horsfall, Aerodynamics Design Engineer, Red Bull Racing Formula 1 Team)
A car’s bodywork design is desired to be efficient and should include elements of a smooth, clean, low drag design, combined with a low frontal area. This is the case for creating an aerodynamic body design for the Greenpower car. 
The amount of aerodynamic drag acting on the car is influenced by the three main design factors. The overall shape of the shell, bodywork and fittings. The size and shape of the nosecone and frontal area and to a lesser degree, the choice of material and finish of the outer surface areas. The optimum shape is influenced by the need to achieve sufficiently low energy consumption and air resistance values to cover the furthest distance in the period of time.
After researching and configuring different designs, they can be evaluated to see which is the most energy efficient.


Section 2.0 n.d. Greenpower Rolling Resistance, Aerodynamic Drag and Drive Force Image. [image][Accessed 27 January 2020].

Fig 1. 3 Main Forces

Aerodynamic Principles

The forces acting on the car can be categorised into three main areas. The aerodynamic drag acting upon the movement through the air. The rolling resistance caused by the tyres roll/deformation, mechanical friction in the drive train and wheel bearings and the driving or drive force generated by the power unit in pushing the car forward.  
Drag is the force that opposes on an object’s motion through the air. Any object moving through the air experiences resistance and therefore drag. Which is the net force in the direction of flow due to pressure and shear stress forces acting on the surface of the car. According to Nasa drag is undesirable because it takes power to overcome it, so it’s best to eliminate drag by directing the flow in a way so it doesn't disrupt the object.
Overcoming Air resistance will conserve power, this is what is desirable for the Greenpower car. Example of overcoming air resistance. According to the website ‘Bicycling’, - at 10 mph, 50% of a cyclist’s power used to overcome air resistance. And at 30 mph 90% of the power will be used. 
It is useful to have a method of comparing the aerodynamic drag produced by different vehicle designs regardless of their size or the driving speed. This is provided by a factor called the drag coefficient (cd) which relies mostly on the design of the vehicle.
In addition to the design related coefficient, the aerodynamic drag also depends on the frontal area of the vehicle, the air density, and the square of the relative air speed. 
This relationship between drag and these factors can be expressed by. 
Drag 
This equation can be simplified to – 
Drag = Dynamic pressure x Projected frontal area x CD
The value of drag coefficient is dependent on the shape of the vehicle. For modern cars the projected frontal area is nearly always 80% of the product of overall height and width.  








2.1
Research 

Aerodynamic design considerations. 
Attention was given to Barnard’s method analysis of airflow behaviour in order to design a body shape that would produce desirable flow characteristics.  According to Barnard, although air is composed of different molecules they do not behave independently. Air molecules do not impact on the front of a vehicle, they flow over it and to some extent affect the pressure and hence the speed elsewhere.
When considering the application of either running the car with enclosed or exposed road wheels. Barnard states that exposed wheels generate upward lift, drag and interruption to the overall flow. Acting mainly on the front wheels as the rears are mostly shadowed by the front. Therefore, the aim is to enclose the wheels within the bodywork, to achieve a reduction in both drag and wheel lift.
According to Barnard a sharp or cone pointed front would have a relatively higher Cd factor whereas a half round or ‘hemisphere’ shaped front would incur less drag. Therefore, the aim is to utilise a curved wedge radiating only on two planes, to the top and under panels from a central half round point. It was considered not to radiate the wedge ‘sideways’ as this may compromise ‘straight ahead’ stability. 
Barnard states two ‘usually neglected’ areas for improvements in drag are the surface finish and the underside of the body. The goal would be to have the thinnest possible boundary layer. 
A minimisation of surface friction drag will be partly achieved by fitting a smooth, continuous surface as any gaps or discontinuities as found in the standard frame will not only produce drag in their own right but will also increase the surface friction drag caused by an increase in the boundary layer turbulence. 
A flat and smooth underside would form a channel through which the air passes and exits at the rear via a small 3 vane diffuser area. At race speeds of between 40 to 60 km/h the compressibility of air is negligible, so the density remains constant. 
An important consequence is that the air tends to flow from the high-pressure underside towards the top surfaces, resulting in the production of vortices in the wake. These ‘trailing vortices’ form into swirling masses and represent a source of drag. Because the air is swirling at a faster speed than the surrounding air the pressure in the vortex is low, as predicted by the Bernoulli relationship. (Which states that an increase in velocity leads to a decrease in pressure.) Thus, the higher the velocity of the flow, the lower the pressure resulting in the rear of the car being exposed to the influence of reduced pressure and an increase in drag. To explore a possible reduction in the influence of the trailing forces on drag, a convex shaped rear end is included in the design.
(Barnard. Road Vehicle Aerodynamic Design. 2001)



2.2
Coefficient of Drag of the Greenpower Standard F24 Kit car

Frontal area (Height x Width)


Fa    = 0.42m2


80% of 0.42m2 = 0.34m2
Drag Force Experimental Cd value of 0.80




D = 29.96 N

2.3
Design Inspiration 
‘‘The common facts of today are the products of yesterday’s research’’. This quote by Duncan MacDonald can portray the importance of looking back at previous designs to get a better understanding.
The scope of research for the overall design includes inspiration from historic race cars, concept cars and previous Greenpower cars. Race cars in the early 1960’s, such as the Lotus 51C characterised clean, basic designs developed during an era when ‘downforce’ was beginning to be recognised. Later cars developed in the late 60’s such as the Lotus 69 were beginning to include front and rear aerofoils to make better use of aerodynamic forces. When choosing a design, it is important to recognise what is possible under costing and what facilities are there that can aid in the construction of the design. As the overall objective is energy efficiency, the aim was to develop an innovative Greenpower body that would achieve low aerodynamic forces. Early 60’s race cars were based on smooth, clean designs. The characteristic air intakes at the front of the nosecone would not be a requirement on the Greenpower design. 
Fig 2. Lotus 51C Formula Ford 1962.
British Race car, 2010. Lotus 51C. [image]
[Accessed 29 January 2020].







Late 60’s race car designs were slightly angular and deployed front and rear aerofoils to achieve ground force. This was not deemed to be a requirement on the Greenpower design as it would increase the rolling resistance.
Fig 3.  Lotus 69 Formula Ford 1969.
Motorsport.com, 2014. Lotus Formula Ford 1969. [image]Accessed 29 January 2020].








On the basis of researching concept cars, one design identified that could be used as an inspiration was the Ford Mustang Concept of 1962. Designed by Troutman and Barnes of Los Angeles. The compact mid-engine two-seater received a lot of attention but was deemed as being too complex for general mass production. The design of this concept was sleek, low drag with a clean front end. And this was confirmed with a claimed coefficient of drag of around 0.30. (Ford Mo Co)

Fig 4. 1962 Ford Mustang Concept 

Road and Track, 2013. 1962 Ford Mustang Concept. [image]

WikiWand, n.d. Ford Mustang Concept Drawing. [image] [Accessed 5 February 2020].











Design elements taken from the Lotus 51C, Lotus 69 FF and the Ford Mustang Concept would form the basis for the overall design parameters for the Greenpower car, with characteristics such as the flat, smooth, panels and the tapered ‘wedge’ nosecone, forming the initial design. The structure will cover the chassis of the car where the streamlined profile will have the a potential for a low drag coefficient.
Before designing the structure of the greenpower vehicle the group decided to look at other teams to see what has worked best. In order to have a better idea on what path to follow within guidelines of the regulations.



Greenpower, n.d. Greenpower CFD Image. [image][Accessed 2 April 2020].
https://slideplayer.com/slide/9754982/

Fig 5. Greenpower CFD sideview Image

By decreasing the frontal area of the car, the air resistance becomes less therefore creating less drag. Red areas show high air pressure while blue areas show low air pressure.
A flat front panel with a large Frontal area shows a higher pressure at the front when compared to a curved nose cone. The low pressure of the curved nose cone is the most desirable for a low drag design to decrease air resistance. 











Greenpower, n.d. Greenpower CFD Image. [image] [Accessed 2 April 2020].
https://slideplayer.com/slide/9754982/

Fig 6. Greenpower CFD Image Showing different Frontal Area Designs 














2.4
Materials 
The scope for materials used in the construction of the structures of the bodywork range from aluminium, steel, carbon fibre, rigid plastics, glass fibre, composites and plywood. All have their advantages and disadvantages depending on budget constraints and skills. The availability of facilities and the specialist tools to work with and compliance with the regulations.
When choosing a material for the green power structure, there is a wide variety of choices. It is important to research and consider which material can be used under the regulations and which material suits best. All materials have pros and cons. It also important to consider budget as well.
Table 1. Materials available for bodywork applications.
	Material
	Cost
	Advantages
	Disadvantages
	Bodywork Applications

	Aluminium
	Medium
	Medium strength and weight, easy to work with. Good availability.
	Difficult to bend. Some specialist tools required to weld etc.
	Main body panels, monocoque, subframes/spaceframes, brackets, chassis rails/tubes, box sections.

	Carbon Fibre
	High
	Very light and high in strength. Formable into nearly any shape.
	Cost. Specialist equipment rand knowledge required to use.
	Body panels, monocoque, subframes/spaceframes chassis rails, seat, shaped nosecone.

	Steel
	Low
	High strength, low cost, moderately workable, no specialist equipment required.
	Comparably heavy in weight. 
	Small body panels, subframes, rails, brackets.

	Rigid Plastics
	Medium
	Very light. Medium strength. Workable into numerous profiles / sizes. Available in different colours.
	Limited strength. Brittle under impact.
	Fairings, instrument panels, seat cowl, wheel discs.

	Wood
	Low
	Easily workable. Strong. 
	Limited strength. Splinter under impact.
	Covering panels for spaceframes, floor panels, instrument/switch panels.

	Glass fibre
(GRP)
	Medium
	Medium weight, medium strength. Ease of availability.
	Need a number of layers to create high strength.
	Main bodywork. Monocoque. All panels, floorplan, seat, aerofoils. 

	Composites
	Medium
	High impact. Reasonable high strength.
	Specialist knowledge and tooling required to produce.
	Body panels, seat, chassis rails. Aerofoils wheel discs.

	Styrofoam
	Low
	High impact, high absorption rate. Easy to work with. Range of colours available.
	Some specialist tooling required to work with. 
	Lightweight body panels, aerofoils, inner bodywork lining.

	Depron 
(extruded polystyrene)
	Low
	Lightweight, low density. Easily workable.
	Easily breakable, Non load bearing
	Aerodynamic aids, aerofoils, fairings, deflectors. 


Materials chosen for bodywork applications.
Table 2. Materials chosen for bodywork applications
	Material
	Application
	Description

	Carbon Fibre
	Driver’s cell/skin and nosecone.
	Continuous rigid cell including separate nosecone, sides and top. (Thickness of 1.5mm)

	Styrofoam
(Compressive Strength of 300-700kPa) 
	Foam structure (inner) 
	Safety ‘crumple zone’/ deformable section mounted forward of the front bulkhead. 
(Length at least 200mm)

	Aluminium
	Mounting brackets.
	Cell mounting brackets.

	Depron
	Wheel discs.
	Drag reduction fairings attached to outer surface of wheel centres.

	Metallic / High gloss paint.
	Driver’s cell/skin
	Finish to result in a low ‘surface drag friction’. 

	Plywood (3mm thick)
	Underbody / small rear diffuser
	Flat bottomed configuration raising at rear with a simple 3 vane diffuser.



Use of Carbon Fibre for the Body 
An obvious requirement of Greenpower body shell construction is that it should be lightweight yet strong and stiff. 
Having considered the options available, the material of choice for the main monocoque / body is carbon fibre due to its lightweight, high strength, stiffness and superior fatigue qualities. Also, the workshops at UWTSD provide a facility to make Carbon Fibre. Being half the weight of aluminium, it can be formed into complex shapes and intricate patterns. The material is available in thicknesses as low as 1.5mm yet is rigid and resistant to stretching. Carbon dampens energy and copes well with vibration. However, it does have some disadvantages in that it can be five times the cost when compared to glass fibre and will break or shatter when compressed or exposed to incidents of high impact. 
Although not a direct disadvantage, being as Carbon fibre conducts electricity, the batteries should be fully sealed from the shell and any carbon fibre in close proximity to the batteries should be covered with suitable insulating material to prevent shorting.   
Fig 7. Carbon fibre Mould
Szczys, M., 2010. Carbon Fibre Part Fabrication Guide. [Image][Accessed 15 March 2020].


Initially, a ‘reverse’ fibreglass mould of the shell would be created using Styrofoam or a similar material.  The carbon fibre shell would be constructed by placing the woven mats of ‘pre-impregnated’ carbon fibre composites in the ‘reverse’ fibreglass mould covered in a release agent. The material built up in multiple layers and placed in an autoclave where the layers are compressed together. 




According to the Technical & Sporting Regulations 2020 doc. 

Ruling T7.1. states  
‘There will be a solid bulkhead rigidly mounted forward of the driver’s feet forming the front-most part of the driver’s cell. This bulkhead must be vertical and parallel to the front axle centreline. Securely attached to the front of this bulkhead will be a foam structure at least 200 mm long and with a compressive strength of 300 – 700 kPa. A means of access to this foam must be available at scrutineering’.
Ruling T8.1 states
Anything forward of the bulkhead in T7.1 must be deformable.

(2019. Technical and Sporting Regulations 2019. Greenpower Education Trust, p.6.)

Therefore, to decrease the risk of the entire skin or shell of carbon fibre breaking or shattering when exposed to incidents of high impact, the skin will consist of different sections. The front outer nosecone will be attached separately to the subframe in order to absorb and redistribute the force of an impact rather than transmit it back towards the entire shell. Thus, lessening the damage to the entire body of the car.





Section 3.0 
Methodology

Weekly Meetings 
Weekly meetings were held to maintain a level of progress. Mark Sanford would officiate the meeting and give guidance as required. In these meetings myself and the other members of the group would discuss, analyse and update the developments and progress of the project. 

Fluid Dynamics Lecture 
A one-off lecture on Fluid Dynamics was taught to Students of Motorsport Engineering year 2 BSc was attended. This lecture gave an insight on turbulence and separation and resulted in a better understanding of the subject.


Fig 8. Greenpower body dimensions


Group Project and CAE Lectures
Group Project and CAE lectures gave an opportunity to progress with the work for the project. Guidance given on CAD from Andy Harrison. Lectures also provided time to go to the workshop to examine the Greenpower car.

Fig 9. Final Design


Solid works  
Before any drawings could be done, measurements were taken from the Greenpower car. After this, a model for the body could be constructed on Solidworks. The software allows analysis and simulation of the design where different tools would be used to create the shape desired for the body for vehicle. After creating some preliminary designs on Solid works, a final design was acquired. The front Incorporates the front design of the 1962 Ford Mustang Concept. 

CFD 
CFD (Computational Fluid Dynamics) replicates liquid and gas simulation through a design. This visualises the performance, capability and potential of the design. 

Calculated Drag Force for the Body Design
Frontal area (Height x Width)

Fa    = 0.24m2


80% of 0.24m2 = 0.19m2
Drag ForceWith the altered measurements for the body of the design, Frontal area of the car is less. Therefore, when recalculating the drag force, the value decreases from 29.96 N to 16.74N.
Experimental Cd value of 0.80


Drag force = 16.74 N 


Section 4.0 
Concluding Factors for Testing 
Aerodynamic analysisFig 10. Final Front End design 

Modelling of the finished body was achieved on SolidWorks. The next stage involves the use of the CFD to analyse and determine and report on the aerodynamic properties of the design. 
The initial shape of the shell aimed to be distinctive and designed in such a way that the air pressure area influencing the front part of the car will be as low as possible within the parameters available. The shape of the nosecone begins as a half-spherical curve between two sloping horizontal surfaces, which then form into the front part of the main body. It is expected that this will have a beneficial influence on the aerodynamic efficiency. 

Fig 11. Rear End Design 



The rear end of the car was modelled to achieve an optimum configuration that featuring a convex or ‘bulging’ shape. Aimed at reducing the influence of the trailing vortex forces acting on the rear end and lowering the amount of drag.



The next step after having CFD data would be to scale the model to a size that was suitable for the size of the Sub sonic wind tunnel, a scale of 1:24 (190mm). The design would be 3D printed off in the University workshops. Upon completion the model would be flowed in a subsonic wind tunnel and analysed and checked. The scope of planned modifications and evaluations include adding fairings behind the driver’s head, the addition of an extended and tapering rear end and increasing or decreasing the front nose cone angle and length which would also alter the frontal area.2016. Subsonic Wind Tunnel. [image] [Accessed 12 April 2020].

Fig 11. Subsonic Wind Tunnel



Due to the outbreak of the COVID-19 pandemic and the restrictions imposed on campus accessibility, an evaluation of the results is not available as an aerodynamic analysis using the CFD. And the creation of a scaled model of the design and carrying out a flow test using a subsonic wind tunnel was not possible. 


4.1
Conclusion 

The main objective of this whole project was to make various improvements to the given vehicle within the regulations stated. Any developments or performance improvements would be made using a range of research, testing, and design techniques. Throughout the term, many ideas were brought forward by individual members to enhance various aspects of the vehicle performance. The key design areas were chosen and allocated to individual members, who then set about conducting the appropriate research and testing.   
Team discussions combined with the research contributed to the design of the bodywork in CAD. From this, it could be concluded that ‘Good aerodynamics’ is an important element in the design of any Greenpower car, where the optimum shape is influenced by the need to achieve sufficiently low energy consumption and air resistance values. The main areas identified for aerodynamic efficiency were a low frontal area, smooth flat panels, and lightweight in design. However, due to the circumstances it was not possible to apply CFD testing or create and flow a 3D printed model in a subsonic wind tunnel.
Ultimately, while there is no chance to physically test the effect that any changes on vehicle would have competing in the series, research, development and testing provided a good base to optimise any changes that were felt necessary.
Due to the current circumstances regarding the global Covid-19 pandemic, any plans for further testing or development of ideas were put on hold and could not be carried out for all areas of the project. Because of this, the final conclusions drawn from testing were not achieved, and therefore any design changes could not be implemented onto the vehicle or evaluated to analyse any possible performance advantages that were aimed for.
(Shared Introduction. Alex Wright 1701086. Daniel Davies, 1801345. Corey Davies 1703828)
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