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[bookmark: _Toc38236266]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 initially held at Goodwood back in 1999, the challenge has expanded internationally to India, Poland, China, South Africa, Malaysia, Singapore and the USA.
“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).
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 Greenpower program plays an increasingly important role in providing a service that engages a young and aspiriational 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. 

(Daniel Davies, 1801345)
Information sources:
 https://www.greenpower.co.uk/
https://www.computer.org/csdl/magazine/co/2017/07/mco2017070020/13rRUB6SpVU 
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[bookmark: _Toc38236268]Overview 
During race conditions, the vehicle spends a vast majority of its time at cruising speed, therefore over the course of the race, an ideal balance between maintaining battery life and maximising performance. At race speeds, the main considerations are to reduce the drag coefficient, minimise the rolling resistance, and maximise the efficiency of the motor, as well as having the lowest possible race weight.
The simplest and most cost-effective step into providing a low race weight is to use the lightest member of the team as a driver. In addition to this, encouraging said person to cut more weight through dieting and physical exercise routines can further cut any unnecessary weight. This can remove the necessity to develop and produce more advanced and lighter components using expensive materials and manufacturing processes. However the focus of this project is solely aimed at improving vehicle performance. 
Each individual member within the group was allocated specific roles with regards to various areas of the vehicle that could be enhanced or developed. These roles were decided during the initial team meeting that was held at the beginning of the first semester. For myself, I decided to tackle chassis development. More specifically; wheel design. 
With regards to chassis development, there are many areas that can be analysed, evaluated and improved. One of the most notable areas to make relatively easy gains in performance is with wheels and tyres. As stated within the regulations (Greenpower Education Trust, 2017): “The wheels must be between 300mm and 52mm in overall diameter.” The current spec used are 16”/305 bicycle wheels, supplied with the complete Formula 24 kit vehicle.
[image: https://www.greenpower.co.uk/sites/default/files/styles/403x/public/2017-09/GP1286.jpg?itok=uEWO7h9K][image: https://www.greenpower.co.uk/sites/default/files/styles/403x/public/2017-10/GP1083-4.jpg?itok=uI0-b4hu]





Image Sources: 
https://www.greenpower.co.uk/product/181
https://www.greenpower.co.uk/product/57 
The main goals for wheel development are to reduce rolling resistance, as well as keeping the frontal area to a minimum, reducing the coefficient of drag value, something which at race speeds is a vital characteristic for the vehicle to possess. 


[bookmark: _Toc38236269]Technical & Sporting Regulations (Wheels & Tyres)
Before rising to the technical challenge of developing any improvements for the existing vehicle, the regulations should be closely analysed to ensure that the team is working within the rules that have been setup by the governing body/organisation.
The regulations governing any modifications regarding the wheels and tyres are fairly lenient, limiting factors such as the overall wheel diameter and track width, mandating matching sets of wheels and tyres on both front and rear axles, in addition to very basic rules such as keeping with pneumatic tyres.
	T3.1. 
	Tyres must not be less than 300 mm nor greater than 520 mm in diameter.  

	T3.2. 
	There must be four wheels located as a matching front and matching rear pairs, symmetrically about the longitudinal centreline of the vehicle.  

	T3.3. 
	The track of the vehicle must not be less than 500 mm front or rear. The track is deemed as the measured width between centres of tyres where they contact the ground. The track may vary front to rear.  

	T3.4. 
	Tyres must be pneumatic. 

	T3.5. 
	Plastic spoke wheels are not permitted. 


Table 1 – Technical and sporting regulations regarding the wheels and tyres used on the vehicle, documented in the file provided.

[bookmark: _Toc38236270]Rolling Resistance 
As emphasised by (Ejsmont J, 2018) “Tyre rolling resistance is one of the most important restrictive forces acting on a moving road vehicle.” 
Rolling resistance occurs through energy loss in the tyre, experienced through deformation of the tyres contact patch area. Energy loss happens through hysteresis, whereby the changing shape of the tyre making contact with the road surface causes the tyre to heat up
To enable the vehicle to maintain as much velocity as possible, as well as maximising battery life, the rolling resistance generated must be kept to a minimum. There are a number of factors that can be altered to achieve this, the simplest method being to regulate tyre pressures accordingly. 
In a 2012 tech article published by velonews.com, a number of road bike tyres were put through an independent test to measure rolling resistance values of a various selection of tyres, more specifically how tyre/tread width and pressure affected these values. 
Each tyre was subjected to 2 tests at 40km/h with a 50kg load applied, at 84 psi and 112psi. From the test results, it was discovered that the rolling resistance was lower when the tyre pressure values were higher.  As explained by (Zinn, 2015) “All of the tires had lower rolling resistance at 112 psi than at 84 psi, with the difference being very slight with the higher-rr tires.” 
This occurs through tyre deformation, with various tyre properties affecting this, such as the construction, size, tread design and finally, the largest variable; pressure. 
[image: Rolling Resistance]







[bookmark: _Toc38235527]Figure 1 – Graph showing how tyre pressure directly affects the rolling resistance on regular radial-ply car tyres. These trends are consistent with  
[image: https://d3laewezlz9ul2.cloudfront.net/wp-content/uploads/2018/07/13143014/image4-1024x436.png]A reduction in rolling resistance is desirable as the vehicle has to the overcome less force to maintain a constant speed/velocity, thus preserving battery life and ultimately helping towards an overall increase in efficiency and competitiveness in competition. 
[bookmark: _Toc38235528]Figure 2 – The graph above demonstrates how much power is required to overcome the rolling resistance force as velocity increases on a road bike utilising tubed tyres and a combined weight with rider of around 80kg. 
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To gain a basic understanding of bicycle tyre size markings, the European standards of measurement must be investigated:  The ERTRO (European Tyre and Rim Technical Organization) standard is the one of the most commonly used and well recognised form of wheel measurement in the cycling world, which comes under ISO-5775 – the international standard for bicycle tyre sizing.
[image: Image result for ETRTO size markings"]








[bookmark: _Toc38235529]Figure 3  - The ISO method of illustrating the tyre sizes uses the outer diameter measurement versus the tread width, providing a very basic and effective method of categorising various tyre types/sizes. Therefore a tyre marked as 28-559 illustrates 28mm tread width and 559mm overall diameter.
  















[bookmark: _Toc38236272]Methodology & Testing Results 
Throughout the term, various tests were carried out on the vehicle to evaluate the performance of the current wheel and tyre setup. From the conclusions drawn from testing and, ideas of possible improvements could then commence on specific flaws or issues that the current vehicle may have that would benefit from redesign or enhancement. 
[bookmark: _Toc38236273]Team Management Strategies
[bookmark: _Toc38236274]Team Planning
To maintain regular updates on team progress, scheduled meetings were upheld throughout the term. These would take place at an agreed time/date and location that was convenient for all members. During these meetings, discussions were made about future plans that may be in development, testing ideas, sharing of research and general updates on how the project is going. 
[image: ]
[bookmark: _Toc38235530]Figure 4 – Group gantt chart, showing the first few weeks of plans and tasks laid out. Use of this tool started to dwindle as the term progressed, which showed in the slight lack of organisation, however members oof the group still managed to maintain a clear idea as to what was needed to progress in the project. 
In an attempt to maintain a consistent and well planned schedule, a gantt chart was created by myself. During the first half of the term, it helped to create a clear and well planned out schedule with the ability to set individual task completion, meaning that any are incomplete are always brought to attention. 
[bookmark: _Toc38236275]Communication Methods
With plans set out, the team collectively agreed on a number of basic online communication strategies to remain in contact regularly. 
Facebook Messenger: The first of these, and perhaps the most convenient and efficient to use is a mobile messaging platform. Messenger applications on mobile devices allow for fast and easy communication between members without the need for computer access, meaning that messages, photos, files and more could be sent to all team members collectively in a group chat at any time. 
E-mails: In addition to mobile messenger applications, the group also maintained the use of E-mails, allowing various file types and documents to be sent quickly and efficiently. 
Microsoft Teams: The final communication type, and one that has proven to be very useful in recent weeks due to the Covid-19 crisis occurring, is video chat software; more specifically the Microsoft Teams application, which allows group chats and calls to be carried out, meaning that face to face contact can still be achieved.
[bookmark: _Toc38236276]Testing Results
[bookmark: _Toc38236277]Rolling Resistance Test
Using the load simulation function, the dynamometer can accurately measure resistance force created by the rear wheels, providing a measurement of the rolling resistance in Newtons (N). 
[bookmark: _Toc38235531]Figure 5[image: C:\Users\alex\Documents\Green Roll Resist.png] – Rolling resistance test performed on the dyno, illustrating the load simulation results at different pressures. Each section of the red line represents a 30 second run with the tyres at a set pressure ranging from 10-50psi in increments of 5. After around 30psi, the rolling resistance N (as illustrated by the red line) started to even out after around 30 psi.
Following this test, the next logical step was to find a method to discover the contact patch of the tyres at each pressure to see if there was a directly link between this and the total rolling resistance. 










[bookmark: _Toc38236278]Tyre Contact Patch Area
The plan for the test was simple, utilising a basic method to discover the contact patch area at different pressures. This was achieved by soaking the tread in chain oil (while the vehicle was jacked up). Under the tyre, an A4 sized piece of grid lined paper was placed under the wheel on the dynamometer rollers (as previous tests were performed on the same rolling road, keeping conditions identical). The chain oil would then stain the paper, leaving an accurately stained mark of the tyres contact patch area with the wheels on the ground.
Pressures were performed in increments of 5psi, ranging from 10 to 50. The maximum stated pressure on the tyres is 40psi, however they were taken above that to explore the effects of over inflation.
[image: C:\Users\alex\Documents\Test Results\30psi.jpg][image: C:\Users\alex\Documents\Test Results\40psi.jpg][image: C:\Users\alex\Documents\Test Results\50psi.jpg]To maintain similar parameters to previous tests, I was placed in the vehicle again to replicate the effects of a driver on board, providing an accurate representation of the race weight. 
[bookmark: _Toc38235532][image: C:\Users\alex\Documents\Test Results\10psi.jpg][image: C:\Users\alex\Documents\Test Results\20psi.jpg]Figure 6 – Tyre contact patch areas ranging from 10 - 50psi (L-R) as demonstrated, the area significantly decreases with higher pressures; however the effects of over-inflation did not reduce this by a noticeable amount. 







[bookmark: _Toc38236279]Analysis
[bookmark: _Toc38236280]Rolling Resistance Calculation
Rolling Resistance:  (N)
Coefficient of Rolling Resistance:  (No units)
Total Vehicle Mass:  (kg)
Gravitational Acceleration:  (9.81m/s²)

The coefficient of rolling resistance () is defined as the force required to move the vehicle at a constant speed on a level surface with no air resistance (per unit force of weight). 
[bookmark: _Toc38236281]Rolling Resistance Simulations using Calculations 
To replicate any rolling resistance values that the vehicle may encounter, calculations were performed using data obtained from weighing the vehicle, coupled with a range of  values typical of the type of wheels used on the vehicle. 
	Mass (kg)
	Gravity (m/s²) 
	Coefficient of RR
	Rolling Resistance (N)

	79.4
	9.81
	0.002
	1.557828

	79.4
	9.81
	0.0025
	1.947285

	79.4
	9.81
	0.003
	2.336742

	79.4
	9.81
	0.0035
	2.726199

	79.4
	9.81
	0.004
	3.115656

	79.4
	9.81
	0.0045
	3.505113

	79.4
	9.81
	0.005
	3.89457

	79.4
	9.81
	0.0055
	4.284027


Table 2 - Rolling Resistance Values (Without Driver, using a range of CRR values typical of road bicycle tyres) 
	Mass (kg)
	Gravity (m/s^2) 
	Coefficient of RR
	Rolling Resistance (N)

	158.3
	9.81
	0.002
	3.105846

		158.3	
	9.81
	0.0025
	3.8823075

	158.3
	9.81
	0.003
	4.658769

	158.3
	9.81
	0.0035
	5.4352305

	158.3
	9.81
	0.004
	6.211692

	158.3
	9.81
	0.0045
	6.9881535

	158.3
	9.81
	0.005
	7.764615

	158.3
	9.81
	0.0055
	8.5410765


Table 3 - Rolling Resistance Values (With added Driver weight, using a range of CRR values typical of road bicycle tyres)





[bookmark: _Toc38235533]Figure 7 – Line graph illustrating the progressive increase in total rolling resistance in relation to the rolling resistance coefficient
[bookmark: _Toc38236282]Rolling Resistance Analysis & Design Considerations
From the testing results acquired, it was clear to see that the main elements to study were reducing the contact patch of the tyre to minimise rolling resistance. Because the contact patch has a direct affect, the decision was made to design a wheel with a narrower rim, allowing the fitment of a smaller tyre, therefore in theory reducing the overall rolling resistance coefficient, and therefore the total rolling resistance force. 
As the main design consideration for this would be to utilise a tyre with narrower tread dimensions, a new rim design was created in Solidworks, utilising the hub dimensions from the original wheels, with a redesigned rim, now 20mm less in width to allow for the mounting of a smaller tyre design to combat the . 
Note: Due to current circumstances, I am not able to access Solidworks files on my home computer due to issues downloading the software; therefore I am not able to illustrate any images or files of the designs created. 
[bookmark: _Toc38236283]Summary of Wheel & Tyre Solutions
While there are a number of factors that directly affect the rolling resistance, the way in which the wheels interact with the road surface is something that can be controlled through a number of simple techniques explored during testing. As discovered, the variation in pressure is a big part of what causes such a large change in the coefficient of rolling resistance. By inflating the tires to the maximised recommended pressure, the tyre sidewall will suffer less deflection, and the contact patch will be minimised, therefore reducing the rolling resistance force. 
Minimising the contact patch can simply be achieved through a variation in tyre size as well as a rise in pressure. The design of a wheel and tyre combination with narrower tread is a simple setup change that can alter the performance of the vehicle and enable greater efficiency. 
One design feature that was analysed was the use of tubeless tyres. Within the road biking community, it is a popular ‘upgrade’ to choose tubeless tyres over traditional tubed tyres (typically constructed using butyl).
“Besides a greater aversion to flats, tubeless tires are often believed to provide lower rolling resistance than comparable tube-type clinchers. Although this is still a hotly contested issue among many tire manufacturers, several we spoke with say that they have the data to back it up. “In the lab, [road] tubeless tires perform above average categorically compared to their equivalent competitors,” says Hutchinson’s Richard Goodwin.” 
(Road Bike Action, 2015)
However, inner tubes constructed using latex are often used as an alternative due to their flexibility and material properties. The thin construction also helps to reduce the overall mass of the wheel and tyre setup, all of which can help to reduce the rolling resistance coefficient. 
In an article posted on bicyclerollingresistance.com, an independent study was carried out to investigate the rolling resistance properties of various tyre types:
[image: ]
[bookmark: _Toc38235534]Figure 8 – Rolling resistance comparison, showing the latex tubed tyres to produce lower resistance values than other tubed types, as well as tubeless (at various pressures).

The use of tubeless or even latex tubed tyres is certainly something that can prove an advantage if explored, and certainly could also produce interesting test results when fitted to the Greenpower vehicle, with a far higher weight than a road bike.






[bookmark: _Toc38236284]Future Design Ideas & Plans
Given the opportunity, as current circumstances have prevented any further project developments from occurring, further testing and implementation of final design ideas would be interesting to exploit, ultimately discovering if there have been any significant advancements in this specific area with regards to hunting better performance. 
Given the opportunity to enhance the vehicle further, there are a wide range of features and properties that can be altered on the chassis. Perhaps the most significant being materials, as there is a chance to optimise the weight of the vehicle and ultimately improve overall performance massively. These changes could also co-incide with the aerodynamics side of things, as custom track widths and bodywork shapes can be designed around the base of the chassis (within regulations)to deliver a more competitive vehicle as the end goal.

[bookmark: _Toc38236285]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.
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.
(Alexander Wright, 1701086)
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