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[bookmark: _Toc213919223]Task A

A flywheel, one of the most effective devices for storing energy. With increasing demands for sustainable and energy efficient technologies research into systems that can capture and reuse energy that would have been wasted has been accelerated. A flywheel which is a rotating device that stores kinetic energy in the form of angular momentum and offers rapid energy exchange (Amiryar and Pullen, 2017). This report examines the development of flywheel technology from its ancient origins to modern day advances including its integration into the Kinetic energy recovery systems. 

[bookmark: _Toc213919224]Origins of the flywheel

The flywheel's origins date back to 3500BCE, with its first known device that demonstrated the flywheel principle being the potters wheel shown in figure 1. The wheel typically consisted of a heavy stone disc or clay on a central spindle. The large mass, when spun by hand or foot would resist sudden changes in speed due to its rotational inertia. The kinetic energy that the wheel stored allows it to maintain steady rotations. Which meant even when the potter would stop applying force the wheel would keep spinning acting as a primitive flywheel, storing energy as angular momentum (Genta, 2014). Between the 15th and 16th centuries, Leonardo de Vinci documented a number of experiments regarding the motion of wheels, axles and shafts. He recorded that the effort required for rotation increased with the load pressing the surfaces together, understanding that frictional force is proportional to load but independent of contact area. These insights helped to develop the theoretical groundwork for later improvement in rotating systems. (Hutchings, 2016). 

[image: A throwback to the medieval potter's wheel – Atelier Able]



[bookmark: _Toc213919204]Figure 1 - Potters wheel cross section (Atelier Able, 2018)



[bookmark: _Toc213919225]Industrialisation and Steam Engines

In 1780 James Pickard patented a mechanism that combined a crankshaft and a flywheel. Engineers had sought a way to transform the reciprocating motion of steam engine pistons into continuous rotary motion suitable for driving machinery. The patented design marked a turning point in steam engine development. (Frenken, 2004). This patented also meant that manufacturing firms could not legally use a crank mechanism. A company called Boulton and Watt had there engineer William Murdoch invent the sun and planet gear shown in figure 2, which achieved the same conversion of linear to rotary without the infringing the patent. After the patent expired the crank and flywheel became the standard configuration for rotary steam engines, driving looms and pumps across Britain. (Richard Leslie Hills, 2000). 
With the growing scale of industry came larger and heavier flywheels which stabilised the fluctuating torque of single cylinder engines. These developments made flywheels a central component of mechanical energy storage. 
[image: Model of sun and planet gearing, made by James Watt ,1782-1784][bookmark: _Toc213919205]Figure 2 - Sun and planet gear (Science Museum Group, 2025)


 



[bookmark: _Toc213919226]Mid-century  - Oerlikon Gyrobus 
Mid-century is marked as an important year for the use of a flywheel in transport. With one of the earliest examples being the Oerlikon gyrobus which used a heavy rotating flywheel to store energy and used electricity to accelerate it whilst stationary then when realised it powered a traction motor as the bus moved. This meant that the system was entirely electric to drive without continuous external power supply. (Transport Research Centre, 2013). 
The Gyrobus performance was limited with it only lasting a few kilometres of travel but it showed how a flywheel could act as a mechanical battery, delivery high power bursts for acceleration and the use of regenerative energy recovery from braking. It’s development represented an early step towards modern hybrid propulsion technology. With it establishing fundamental engineering principles that later enablebled high speed composite flywheels and more advanced baring systems (Mousavi G et al., 2017). 

[bookmark: _Toc213919227]Flywheels in power and grids systems 

The use of flywheels is not only present in transportation but also in modern power systems which face ever growing demands for rapid response, frequency regulations and integration of intermittent renewable generation. Compared with electrochemical batteries they offer high power density, very long cycle life and minimal environmental degradation throughout their service period.
Advancements in materials and engineering design have significantly improved their performance. With contemporary flywheels using composite rotors, magnetic bearings and vacuum housings to minimise frictional losses, allowing speeds above 20,000rpm and energy conversion efficiencies exceeding 85%. This makes them suitable for grid applications with them regulating frequencies, supporting voltage and offering an uninterruptible power supply (Amiryar and Pullen, 2017). 
Beacon power facility is one example of where flywheels are used in  high power grid application. It was commissioned in 2011 and operates with around 200 flywheel modules, each capable of rapidly absorbing or delivering power to the grid to maintain frequency balance. As the system uses mechanical rotation instead of combustion or chemical reactions, it produces no direct emissions and requires little maintenance 	(Content, 2011). 





[bookmark: _Toc213919228]Automotive KERS and modern integration 

In modern day vehicles the use of a flywheel system or Kinetic energy recover system (KERS)  has emerged as a viable alternative or to complement battery centric hybrids. High speed flywheels provide a method of storing braking energy mechanically, then re-injecting it during acceleration, meaning an enhancement in overall drivetrain efficiency and reducing fuel consumption. According to (Dhand and Pullen, 2013) the coupling of a flywheel to an internal combustion engine drivetrain via a continuously variable transmission or other mechanical interface enables rapid energy capture and release which makes it suitable for stop start and urban conditions. 
There has been many advancements in flywheel KERS systems with the use of advanced materials and refined rotor dynamics such as composite rotors, vacuum enclosures and high rotational speeds. All helping to increased energy storage for a given mass and reduces parasitic losses (Śliwiński, 2016).  In rotor dynamics, even small mass asymmetries at rotational speeds above 60,000RPM which can create extreme centrifugal forces which can lead to bearing fatigue and vibrations. The use of magnetic bearings and advanced balancing is essential for stabilisation at high angular velocities. The choice of rotor materials can have effect on safety and energy density. Carbon fibre composites offer high tensile strength to weight ratios comparted to steel which allows for higher tip speeds and reduced containment mass.  These advancements also help make flywheels more viable in mainstream vehicles due to the variation of size weight and costs that are available (Dhand and Pullen, 2013). 
An example of the use of different materials and rotor dynamics is the Williams hybrid power flywheel which was initially developed for formula 1 and was applied in the Porsche 911 GT3 R hybrid. It was made out of carbon composite and rotated around 40,000rpm. Delivering an additional 60KW of power for several seconds, which meant it cut fuel consumption by around 25% under race conditions. Technology similar to that was also adopted in the Audi R18 etron Quattro, which used a flywheel motor system to drive the front axle during acceleration. (Mathews, 2013)

[bookmark: _Toc213919229]Mechanical vs chemical energy storage

Mechanical systems such as Flywheels act as alternatives to conventional chemical energy and offer advantages in many applications. Flywheel storage systems typically have very high cycle life with the potential to have millions of cycles and with excellent power density, meaning it can charge and discharge rapidly with minimal degradation over time. All of which a chemical battery would struggle to match. Flywheels can deliver an instantaneous burst of power and respond in seconds, which makes them ideal for applications requiring fast power swings of high frequency grid stabilisation (Olabi et al., 2021)
However they do lack some key strengths of chemical batteries have with higher energy density with lithium ion batteries typically achieving 200 – 300Wh/Kg which makes them better suited to long duration energy storage such as in electric vehicles. They are also more established within the supply chain making them more accessible for mass manufacturing(Li and Palazzolo, 2021).
While mechanical batteries cannot yet replace chemical ones in all contexts, they do complement them by filling the high power high cycle niche offering robust low maintenance solution where rapid response is critical. 









[bookmark: _Toc213919230]Task B 
[bookmark: _Toc213919231]Given data 
Vehicle 1 
· Mass  = 2080 Kg 
· Braking speed  = 55 mph
· 1mph = 0.44704 m/s 
· Speed conversion = 55 * 0.44704  = 24.5872 m/s
Flywheel 1:
· Mass  = 6.5  kg 
· Diameter D = 0.300m ,  = 0.150m 
· Thin ring =  = 
· Combined braking + acceleration efficiency  = 0.80
· Max speed = 50,000 rpm
[bookmark: _Toc213919232]Kinetic energy of the vehicle before braking 


[bookmark: _Toc213932314]Equation 1 - translational kinetic energy equation



The result is   assuming that the vehicle stops completely and the road is level. 
  
[bookmark: _Toc213919233]How much energy is stored in the flywheel 

 = 
[bookmark: _Toc213932315]Equation 2 - Energy transfer and efficiency


Energy actually stored in the flywheel is   assuming that the flywheel braking power is sufficient to transfer all energy. 
[bookmark: _Toc213919234]Rotational speed of the flywheel after braking (rpm) 
Find the moment of inertia;

[bookmark: _Toc213932316]Equation 3 - Moment of inertia



Then the angular speed from stored energy;

[bookmark: _Toc213932317]Equation 4 - Angular speed from stored energy

rad/s
Convert to rev/s; 

[bookmark: _Toc213932318]Equation 5 - Convertion to rev/s




Then to RPM; 

[bookmark: _Toc213932319]Equation 6 - rpm conversion


The total rotational speed of the flywheel after breaking is assuming that the flywheel is perfectly balanced and the vacuum encloser removes air drag 
[bookmark: _Toc213919235]Final vehicle speed using only stored KERS energy 


[bookmark: _Toc213932320]Equation 7 - Vehicle speed from stored energy


Converted to mph the final vehicle speed using only stored KERS energy is 49.2mph. Assuming that there is no aerodynamic or rolling resistance during reacceleration. 

[bookmark: _Toc213919236]Speed after re re-acceleration for braking speeds 20 -60mph 


[bookmark: _Toc213932321]Equation 8 - Relation between braking speed and final speed

= 0.8944



[image: A screenshot of a computer

AI-generated content may be incorrect.]Table 1 - Calculated KERS performance parameters for different braking systems

[bookmark: _Toc213919206]Figure 3 - Results for calculated KERS energy storage and vehicle reacceleration

Table 1 and figure 3 show the calculated results from the kinetic energy of the vehicle, with the corresponding energy recovered by the flywheel along with the resulting reacceleration speeds from 20 – 60mph. All the calculations assume that there is a constant vehicle mass of 2080kg, a flywheel efficiency of 80% and no additional losses through the CVT or drivetrain. The data shows that both the recovered energy and the reacceleration speed increase proportionally with braking speed. The trend follows the relationship , giving a constant ratio of approximately 0.894 between braking and reacceleration speeds. This highlights that around 80% of the vehicles initial kinetic energy is consistently captured and reused by the flywheel. The near linear relationship in figure 3 is due to variation of kinetic energy when squared with velocity, so higher braking speeds yield significantly greater recoverable energy and higher attainable reacceleration speeds.  The results confirm that increasing braking speed enhances the stored energy and reuse potential of the KERS flywheel. 
[bookmark: _Toc213919237]Reacceleration when braking occurs at 60mph 
Given data ; 
· 
· 
· 
· 

[bookmark: _Toc213932322]Equation 9 –SUVAT equation 

 
The reacceleration average is  assuming that there was uniform acceleration throughout the 6.5s period. That there wasn’t any traction losses or drivetrain and the road gradient and air resistance was not considered. 
[bookmark: _Toc213919238]Effect of flywheel dimensions for smaller vehicle 
Given data; 
· 
· 
· 

Vehicle kinetic energy
Equation 1  =  


Stored energy 
Equation 2 =   
= 	

[image: A screenshot of a spreadsheet

AI-generated content may be incorrect.] Table 2 - Calculated flywheel rotational speeds for varying diameters

 

Figure 4 - effect of flywheel diameter on rotational speed for a 4.5 kg KERS flywheel
Table 2 and figure 4 show the calculated rotational speeds of a 4.5kg thin ring flywheel with external dimeters ranging from 120mm to 240mm which was based on energy recovered during braking from 60 mph and an assumed KERS efficiency of 80%. The results show a clear inverse relationship between flywheel diameter and rotational speed. As diameter increases the moment of inertia rises and the angular velocity required to store the same amount of braking energy reduces significantly. As shown in figure 4 the negative gradient demonstrates that doubling the flywheel diameter almost halves the required rotational speed. This highly how a smaller compact flywheels achieve high energy density but must operate at extremely high rotational speeds. Whereas a larger diameter flywheel offer improved safety and reduced mechanical stress. 
Assumptions 
From 1 – 7 assumptions where applied to allow the KERS system to be analysed using standard dynamics equations. The vehicle was treated as a rigid mass with no aerodynamic drag, rolling resistance or drivetrain losses. These assumptions meant that what was calculated represents the ideal best case values. Along with that  a constant overall KERS efficiency of 80% assumed, although real efficiencies vary with CVT ratio, bearing friction and flywheel speed. The flywheel was also modelled as a thin ring (equation 3) which neglects the mass of the hub and any structural reinforcements. Aswell as during reacceleration the vehicle was considered to have sufficient traction to deliver all stored energy without slip. In thereal world performance would be influenced by many additional losses, material limits and system level constraints. 

[bookmark: _Toc213919239]Conclusion 

In this report task A  shows both historical developments and modern applications of mechanical flywheel systems with it demonstrating how the same fundamental principles learnt in ancient devices are used in modern KERS technology.   Task B showed how braking speed strongly influences the amount of energy recoverable and how flywheel geometry significantly affects the rotational speed required to store energy. Overall this report confirms that mechanical flywheel provide effective, high power method of short term energy recovery in vehicle applications. 
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Re acceleration speed vs braking speed 

Final velocity (mph)	20	25	30	35	40	45	50	55	60	17.888573472048556	22.360716840060697	26.832860208072834	31.305003576084975	35.777146944097112	40.249290312109252	44.721433680121393	49.19357704813352	53.665720416145668	Final speed (mph)


Braking speed  (mph)




Angular Velocity (rpm) 	120	140	160	180	200	220	240	69943.116044911294	59951.24232420967	52457.337033683463	46628.74402994087	41965.869626946769	38150.790569951612	34971.558022455647	Flywheel diameter (mm)


Angular velocity (rpm)
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Variable block

Variables

Vehicle Mass (kg) 2080

efficiency 0.8

Flywheel mass (kg) 65

Flywheel diameter (m) 0.3]

Flywhel radius (m) 0.15

Moment of inertia (kg m*2) 0.14625

mph to m/s 0.44704]

m/s to mph 2.23694)

rad/s to rpm 9.549296586)

rpm to rad/s 0.104719755

Results table

Initial velocity (mph) initial velocity (m/s)[Kinetic energy (J)] Energy captured (JJAngular velocity (rad/s|Angular velocity (rpm]Final velocity (m/s) _|Final velocity (mph)
20 8.9408 83,135.42 66508.34, 953.69 9107.02 8.00 17.89
25 11.176]  129,899.10 103919.28 1192.11 11383.78 10.00 22.36]
30 13.4112[  187,054.70 149643.76 1430.53] 13660.54 12.00 26.83]
35 15.6464]  254,602.23 203681.78 1668.95 15937.29 13.99 31.31
40 17.8816]  332,541.68 266033.35 1907.37| 18214.05 15.99 35.78
45 20.1168]  420,873.07 336698.45 2145.79) 20490.80 17.99 40.25
50 22.352|  519,596.38 415677.10 2384.21 22767.56| 19.99 44.72]
55 24.5872|  628,711.62 502969.30 2622.63) 25044.32| 21.99] 49.19]
60 26.8224]  748,218.79 598575.03 2861.06) 27321.07| 23.99] 53.67
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Variables

Smaller vehicle Mass (kg) 1510

Efficiency 0.8

Flywheel mass (kg) 4.5

Braking speed (mph) 60

Braking speed (m/s) 26.8224

Kinetic Energy (J) 543178.062

Stored energy (J) 434542.45

Constant 3.14159265

Conversion :rad/storpm | 9.54929659

Results table

Flywheel Diameter (mm) |Radius (m) Moment of inertia (kg m2) |Angular velocity (rad/s) |Angular Velocity (rpm)
120 0.06 0.02 7324.43 69943.12
140 0.07 0.02 6278.08 59951.24
160 0.08 0.03 5493.32 52457.34
180 0.09 0.04 4882.95 46628.74
200 0.1 0.05 4394.66 41965.87
220 0.11 0.05 3995.14 38150.79
240 0.12 0.06 3662.21 34971.56





