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[bookmark: _Toc214259455]1.0 Origins and Applications of Mechanical Flywheels
[bookmark: _Toc214259456]1.1 Introduction

A Flywheel is a device that stores energy in the form of rotational kinetic energy by accelerating a mass around an axis. Usually in the shape of a disc or cylinder, a flywheel is  used to store or smooth out energy transmission and can also be used to store energy, using momentum. Below, Equation 1 displays this principle:


[bookmark: _Toc214228548][bookmark: _Toc214228628][bookmark: _Toc214228642]Equation 1 - Kinetic Energy of a Rotating Disc

Equation 1 shows that the kinetic energy stored in a flywheel depends on two factors:
· Mass Moment of Inertia (I), determined by the mass distribution relative to the axis of rotation, and
· Angular Velocity ().
This relationship highlights two engineering pathways to increase stored kinetic energy: increasing the mass and radius of the flywheel (thereby increasing its inertia), or increasing its rotational velocity. Historically, flywheels were limited by material strength, as high angular velocities imposed stresses that exceeded the capabilities of metals used at the time. However, modern advances in materials science, including the use of carbon-fibre composites, high-strength steels, and precision manufacturing, have significantly extended achievable rotational speeds. These developments, combined with improved bearings, vacuum housings, and control systems, have made flywheels increasingly viable for contemporary energy storage and power-quality applications.


[bookmark: _Toc214259457]1.2 Early History

The concept of rotational energy storage dates back thousands of years, with early examples emerging in ancient Mesopotamia and Egypt. One of the earliest known applications is the potter’s wheel (circa 300 BCE), which used a heavy stone disc as a primitive flywheel. By spinning the disc manually, potters were able to maintain a nearly constant angular velocity, using the stored momentum to smooth the irregular input from foot or hand motion (Woodford, 2012). This early use demonstrates the fundamental purpose of flywheels: stabilising rotational motion and storing short-term kinetic energy.
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Figure 1 - Ancient use of Flywheel in Potter's Wheel (Woodford, 2012)
By the Medieval period, flywheels were incorporated into a wider range of hand-powered and mechanical devices, including spinning wheels, hand drills, and early metallurgical tools. The underlying principle remained unchanged: a rotating mass provided steady, controllable motion for tasks requiring consistent torque.
The development of waterpower further expanded the use of flywheels. In watermills, a flywheel would be coupled to the waterwheel to convert the intermittent and variable torque from flowing water into a smoother, more reliable rotational output. This allowed millstones and other machinery to operate at uniform speeds despite fluctuations in water flow (Anastasi, 2023). Such early implementations laid the groundwork for later industrial uses of flywheel systems, particularly during the rise of large mechanical engines in the Industrial Revolution.

[bookmark: _Toc214259458]1.3 Industrial Development

During the Industrial Revolution, Flywheels were integrated into mechanical systems with Steam Engines. Flywheels were used to smooth the cyclical motion of the Steam Engine’s pistons, allowing this energy to be used to power tools and machinery, this is shown below in Figure 2. 
[image: Flywheel - Wikipedia]








[bookmark: _Toc214228542]Figure 2 - Steam Train with Flywheel
The adoption of the flywheel was also used in factories, allowing large steam engines, with large fluctuations in torque to transmit smooth power to multiple machines, as well as being able to choose the running speed by adjusting the size of the flywheel. While Flywheels were better utilised in this period, the lack of material development meant increasing angular velocity wasn’t an option, as the forces experienced were too large and would cause the flywheel to fail. Therefore, the only viable option to increase the Kinetic Energy that can be stored and transmitted through a flywheel, was to increase the mass.
As materials science progressed through the 20th century, flywheel technology began to find new applications beyond purely mechanical power transmission. Notably, high-speed flywheels were increasingly adopted in Uninterruptible Power Supply (UPS) systems, particularly in critical environments such as hospitals, data centres, and industrial plants. Unlike traditional battery-based UPS units, flywheel UPS systems store energy in a rapidly rotating rotor, allowing them to deliver instantaneous power during voltage dips, brownouts, or short-term grid failures (Amiryar and Pullen, 2017).
Hospitals adopted flywheel UPS systems due to their high reliability, fast response time, and long service life. Critical medical equipment—such as ventilators, surgical lighting, imaging systems, and life-support technology—requires a continuous and stable supply of electrical power. Flywheel UPS units can bridge the gap between a mains power failure and the start-up of emergency diesel generators, typically providing 10–20 seconds of high-quality power with virtually no degradation over repeated cycles (Beacon Power, 2010). Because flywheels do not rely on chemical reactions, they also offer several advantages over traditional lead-acid batteries, including:
· Reduced maintenance requirements
· Higher power density and rapid discharge capability
· Greater tolerance to temperature fluctuations
· Lower long-term environmental impact
In these installations, flywheel systems are often connected in parallel with diesel generators, ensuring seamless backup power and significantly improving system resilience. Their adoption in hospitals reflects the broader evolution of flywheel technology from purely mechanical devices to sophisticated electromechanical energy storage systems capable of supporting critical infrastructure.
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In the more modern era, advances in materials science, control electronics, and high-speed composite rotors led to the emergence of flywheel-based energy storage systems in modern transportation applications. One of the most notable developments was the Kinetic Energy Recovery System (KERS) used in Formula One from 2009 onward. KERS captures kinetic energy normally lost during braking, stores it temporarily, and re-deploys it to increase acceleration or reduce engine load (Engineering, 2009).
Although several F1 teams adopted battery-based electrical KERS, others—most prominently Williams—pioneered a mechanical flywheel KERS. In this system, a high-speed carbon-fibre flywheel spins at up to 60,000 rpm inside a vacuum enclosure to minimise aerodynamic drag and bearing losses (Williams Hybrid Power, 2010). The flywheel is connected through a continuously variable transmission (CVT), allowing energy to be transferred between the vehicle drivetrain and the rotating mass with very high efficiency.

The advantages of flywheel KERS include:
· High power density, allowing rapid charge and discharge (up to 120 kW) (Williams Hybrid Power, 2010).
· Long cycle life with minimal degradation compared to chemical batteries.
· Rapid response and high round-trip efficiency when properly managed.

Mechanical flywheel KERS technology later saw adoption beyond motorsport, including in buses, rail systems, and industrial applications where repeated braking cycles allow efficient regenerative energy capture (Amiryar and Pullen, 2017).
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Structural and Material Strength
The primary mechanical limitation is the centrifugal stress induced at high rotational speeds. For a rotating disc, the hoop stress increases with the square of the angular velocity, setting an upper limit on allowable speed before material failure (Blevins and Plunkett, 1980). Modern composite flywheels use carbon-fibre filaments wound circumferentially to withstand these extreme stresses, but careful analysis remains essential to avoid catastrophic failures.
Flywheel Dynamics and Stability
High-speed flywheels are sensitive to vibration, resonance, and unbalance. Sub-critical and super-critical flywheel behaviour must be modelled, and systems often require magnetic bearings or very low-friction ceramic bearings to ensure stable operation across the entire speed range. Containment housings must also be capable of ensuring driver and passenger safety in the case of failure.
Energy Losses
Although modern designs use vacuum chambers to reduce aerodynamic drag, residual losses still occur through:
· Bearing friction
· CVT or gearbox inefficiencies
Minimising these losses is essential to improving round-trip efficiency.
Safety and Containment
A flywheel stores significant kinetic energy, meaning failure can be catastrophic. Systems therefore require:
· High-strength containment casings, often using steel, Kevlar, or composite materials
· Vacuum-rated enclosures
· Fail-safe overspeed protection
· Monitoring systems for vibration, temperature, and rotor speed
Safety standards such as ISO 13035 for mechanical energy storage devices outline design requirements for containment and failure modes (ISO, 2023).
System Integration
Finally, integrating flywheel storage into mechanical or electrical systems requires considerations such as:
· Effective coupling mechanisms (gearboxes, CVTs, motor-generator units)
· Power electronics (for hybrid electrical systems)
· Thermal management
· Control algorithms for charging and discharging
These factors influence the overall efficiency, performance, and cost of the system.
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In this Task, we will analyse a vehicle which utilises a KERS system to recover energy from braking, and redirect it back to acceleration. The system uses a Continuously Variable Transmission (CVT) to transfer the energy from the brakes to a flywheel, and subsequently back to the wheels to re-accelerate the vehicle. Using the given variables for the vehicle in Appendix A, the energy transfers can be calculated. Calculating the Kinetic Energy stored in the systems, and the Mass Moment of Inertia of the Flywheel will be done with the following equations:
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To calculate the Kinetic Energy of the Vehicle, we can use Equation 2, and the relevant variables, where, 


Therefore, 


From these calculation, we can see that the Kinetic Energy of the vehicle is 628.854 kJ.
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In the situation when the vehicle brakes from a speed of 55mph and comes to rest, we must consider the efficiency of the system that transfers the Kinetic Energy from the vehicle to the Flywheel. The given information tells us that the combined efficiency of the system is 80%, this includes braking and accelerating. To consider the efficiency of just one stage of the process however, we must analyse this further. Assuming that the braking efficiency and the accelerating efficiency are equal, we can say that,

However, we also know that the combined efficiency is the product of the accelerating efficiency and the braking efficiency, therefore, 

Given that ,

And


After these calculations, we can now calculate the Kinetic Energy transferred to the flywheel.

Therefore, the kinetic energy transferred from the car to the flywheel when braking from 55mph to rest, is 562.447 kJ.
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To calculate the rotational speed of the flywheel after this braking event, we must use Equation 4 and Equation 3. We must first use Equation 4 to calculate the Mass Moment of Inertia for the flywheel.


Using this value for  combined with our previously calculated value for the Kinetic Energy transferred to the Flywheel, we can now use Equation 3 to calculate the rotational velocity.


To now convert this value for angular velocity, we must use the relationship shown in Appendix A1.
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Similar to section 2.2, to calculate the final speed of the vehicle after acceleration only using the KERS flywheel, we must first calculate the kinetic energy transferred using the calculated value of efficiency,

As we were also given the overall efficiency of the system, we can check this answer with the following,

While the two answers have a slightly different value, this can be put down to rounding throughout the process. This check allows us to prove that, using the assumption that both the braking and accelerating phases have the same efficiencies of 0.8944, this is correct to get an overall efficiency of 0.8. To reduce error, for the next stage, I will use the value of kinetic energy that was calculated given the combined efficiency of 80%, as this avoids the previously mentioned rounding errors. Therefore, we can now put this value into our Equation 2, to find the linear velocity.




Now using the conversion rate for  to mph in Appendix A2, we get,



This calculation shows us, that when a vehicle with an 80% efficiency KERS system brakes from 55mph, it is able to reuse that energy from braking, to accelerate back to 49.19 mph.
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To graphically represent the calculations completed, the best option would be to compare the braking speeds to the achievable speed due to acceleration from the KERS System, assuming 80% efficiency. Using the same calculation method as shown previously, the results for braking speeds ranging from 20 mph to 60 mph are shown below in Figure 3.

[bookmark: _Toc214228543]Figure 3 - Graph depicting Final Velocity achievable for different Braking Speeds

Figure 3 shows this relationship as linear, this is also seen in the table of data in Appendix A3. This shows that, for this system with the relevant assumptions, there is no most efficient braking speed, as the re-acceleration speed increases linearly with a gradient value of roughly 0.8944.
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To determine the re-acceleration of the vehicle due to the KERS System, we must use Equation 5 below, which shows the relationship between acceleration, velocity, and time.



Knowing our  is representative of change in velocity, we must use our calculate value in Appendix A3 to find our final velocity of a vehicle braking from 60mph. From this table, we can see that the final velocity is 53.67mph, or 23.99 , and knowing that the vehicle starts from rest, and accelerates in 6.5 seconds, we can complete the equation.
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To analyse a similar KERS System for a smaller vehicle, we must complete the same calculations as seen above, but with different input variables. Table 1 below shows the new input variables for the vehicle.
Table 1 - New Variables for 'smaller' Vehicle KERS System
	Property
	Value

	Vehicle Mass
	1510 kg

	Flywheel Mass
	6.5 kg

	Braking Speed
	60 mph (26.82 )

	Flywheel Diameter
	120 – 240mm (in increments of 20mm)

	System Efficiency
	0.8



First, we must calculate the kinetic energy of the vehicle travelling at 60 mph,


Now, assuming the System has the same 80% overall efficiency, we can use the previously calculated values for the efficiency of each stage to calculate the energy stored in the flywheel after braking. For example, the following calculation uses this value to calculate the energy stored in the flywheel.




To finally calculate the rotational velocity of the flywheel, we must first calculate the value for the moment of Inertia using Equation 4, shown below for a flywheel of diameter 0.12m.



Now with the value for moment of Inertia, we can use Equation 3 to find the value for the rotational velocity.




Assessing this result, it can be seen that a flywheel with a smaller mass and smaller diameter would have to have a much larger rotational velocity to be able to store the same kinetic energy. As shown below in Figure 4, we can see that as the diameter decreases, the required rotational velocity increases exponentially, with flywheels of diameters 0.12m and 0.14m requiring greater rotational velocity than the given maximum of 50,000 RPM. This graphical analysis allows us to see that, for the diameter of the flywheels to decrease below 0.18m, the mechanical restraints of the system have to be analysed. This would most likely have to be material changes, so that the flywheel would have no risk of failure at the increased speeds required.


[bookmark: _Toc214228544]Figure 4 - Graph Showing Rotational Velocity against Flywheel Diameter
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In this analysis, the mechanical system has been greatly simplified to aid calculations, either by making engineering assumptions, or disregarding certain aspects of the system. Some of the assumptions made are:
- Uniform Power Transfer – While we have considered a general system efficiency, in most real-world cases, the efficiency wouldn’t be linear throughout the whole process. 
- External Losses – Energy losses affecting the vehicle haven’t been considered, such as the difference between static and dynamic friction, air resistance, additional weight.
- Flywheel Geometry – We have assumed that the flywheel can be treated as a thin-ring, to simplify the calculation for the moment of Inertia. 
- Internal Wear – We have assumed the system is in perfect condition, and the internal components aren’t worn. For example, bearing wear, gearbox wear, driveshaft damage could all lead to decreased efficiencies of time.
- Braking System – We have assumed the KERS System acts as the braking system, and that there is no need for an external braking system, which would take energy away from the system.
- Braking and Acceleration Efficiency – In the analysis, it was assumed that the efficiency during the braking stage and the acceleration stage were equal. However, it is most probable that acceleration would have a lower efficiency due to the increased load on the system.
These assumptions have helped to simplify the system to allow the calculations to create a simple analysis. While the data calculated in this analysis might not be accurate to a true representation of the system, it does allow for a comparison of different variables. For example, this analysis allows for the relationship between braking speed and final speed to be explored, as well as the relationship between flywheel geometry and rotational velocity. For accurate data to be obtained, experiments on the system would have to be carried out, both to obtain experimental data and to further understand the forces that effect the system.
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	Symbol
	Parameter
	Value
	Units

	
	Mass of Car
	
	

	
	Mass of Flywheel
	6.5
	

	
	Linear Velocity of Car
	24.59
	

	
	System Efficiency Overall
	80
	

	
	System Efficiency in Braking
	
	

	
	System Efficiency in Accelerating
	
	

	
	Diameter of Flywheel
	0.3
	

	
	Angular Velocity 
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[bookmark: _Toc214259474]A3 – Table of Calculated Values stored Energy from different Braking Speeds
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[bookmark: _Toc214259475]A4 -  Table of Calculated Values for Rotational Velocity of different diameter Flywheels.
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Graph Comparing Vehicle Braking Speed to Predicted Final Speed due to KERS System Accceleration
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Graph showing the Rotational Velocity of variable sized Flywheels in a KERS System
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