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Task A: The Flywheel – From Ancient Tool to Modern Mechanical Battery

1. Ancient Origins and Historical Applications
A flywheel is a big wheel that is attached to a rotating shaft to allow the smooth flow of power from an engine to a machine. Using the conservation of angular momentum, a flywheel is a mechanical device that stores rotational energy. ‘A form of kinetic energy that is proportional to the product of its moment of inertia and the square of its rotational speed.’ Sabhadiya, S. (2024). 
Flywheels have been around for a long time, dating back to 3000 BCE in today's region of West Asia. The first uses were for preserving motion continuity rather than energy storage. A popular example of this is the potter’s wheel. The potter was able to shape clay at a steady pace due to the heavy stone wheel's rotating inertia, which added a tiny amount of kinetic energy with each push and thus, inverting the flywheel. The importance of flywheels increased during the Industrial Revolution. Flywheels were improved by James Watt, who is well-known for his contributions to the steam engine. A flywheel was added by James Watt in 1782 as a crucial part. During the power stroke of the piston, early steam engines generated power in a single, strong pulse. Flywheels were also used in the innovations of James Pickard, who also worked closely with James Watt. They were essential to improving the efficiency and smooth operation of early machines. 
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Figure 2:evolotion of the flywheel

Figure 1.2: Watt's flywheel


2. Modern Adoption: Regenerative Braking and Grid Storage
The flywheel changed its function from motion-smoothing to high-power energy storage in the late 20th and early 21st centuries. These days, two important uses are:

· Regenerative Braking:  When a car slows down, regenerative braking basically turns its kinetic energy into electrical energy. The battery in electric and hybrid vehicles stores this energy for later usage. In transportation and racing, flywheels store kinetic energy during braking.   Instead of going through friction brakes and wasting heat, the energy is used to spin up a flywheel.   Re-acceleration using this stored energy can significantly reduce emissions and improve fuel efficiency.   Companies like Williams Hybrid Power developed such systems for Formula One and London buses, demonstrating fuel savings of over 25%. 

· Off-Grid Energy Storage: Flywheels store energy as spinning motion that smooths out the ups and downs of renewable energy sources and gives you backup power quickly. They are great for hybrid setups in remote places since they last longer, respond faster than batteries, and hold less energy overall.
Flywheels are becoming more common in data centres, factories, and for keeping the grid frequency stable. They are also used in Uninterruptible Power Supply (UPS) systems.  They can take in and discharge a lot of power very quickly without breaking down, unlike chemical batteries.  Companies like Beacon Power have built flywheel storage plants that help keep the electrical grid's frequency stable by reacting to changes in milliseconds.
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3.2: Breakdown of the inside of the UPS
4: Battery less UPS


3. Kinetic Energy Recovery Systems (KERS) in Road Vehicles
KERS is a term for the system in cars that gathers and makes use of kinetic energy.   Mechanical KERS (M-KERS) uses a flywheel directly, although it can also use electricity from a battery.
Precision Balancing: When rotors spin at 50,000 to 60,000 RPM, even a slight mass imbalance can generate massive centrifugal forces that can break the machine. To prevent this from happening, rotors are balanced to very fine tolerances, and automated processes routinely remove small amounts of material. 
 Containment: If a flywheel fails at high speed, it might cause explosive forces.  So, a strong containment vessel, which is often called a "can," is very important.  Most of the time, these kinds of vessels are made of advanced steels or composite materials designed to absorb kinetic energy and contain debris in the worst-case scenario.
The materials used in a system have a massive effect on how well it works. Specific tensile strength, which is tensile strength divided by density, is the most essential measure.  High-strength steel is utilised more. Many systems today use carbon-fibre composites because they are significantly stronger when subjected to tension. This makes it possible to spin faster and store more energy.
Bearing and Vacuum: The flywheel has low-friction magnetic or ceramic bearings to cut down on friction.  The whole thing is in a vacuum-sealed box to get rid of aerodynamic drag, which would otherwise quickly use up the stored energy.












4: Fundamentals of Mechanical Batteries 
A flywheel system is sometimes referred to as a "mechanical battery" because it uses a motor to store electrical energy as mechanical kinetic energy, then converts it back into electrical energy with a generator when needed.
[bookmark: _Hlk216721702]Advantages of Mechanical Batteries:
· Large amounts of power can be quickly stored and released via flywheels. This makes them an excellent option for applications where rapid bursts of energy are crucial, such as grid frequency regulation or regenerative braking.
· Extended Cycle Life: With minimal performance degradation, these batteries can withstand millions of cycles of charging and discharging. Chemical wear and tear do not affect them.
· Quick Charging: In just a few seconds, it can be spun up from rest to maximum speed.
· Temperature Insensitivity: While mechanical batteries function best within a specific temperature range, performance stays constant even when the overall temperature changes.
· Eco-Friendly: In their fundamental steel composition, they do not incorporate harmful chemicals or rare earth elements and are easily recyclable.

 Disadvantages of Mechanical Batteries:
· Long-term energy storage applications cannot use devices with lower energy densities because they store less energy per unit weight than mechanical batteries.
· Self-Discharge: Bearing and eddy current losses cause a slow loss of charge over time, usually spanning from a few hours to weeks, even in a vacuum.  Mechanical batteries, on the other hand, hold their charge for far longer.
· High-performance systems are costly due to their need for precise engineering, complex bearings, and vacuum containment.






Task B: KERS System Analysis

1. Vehicle Kinetic Energy Before Braking
Given:
· Vehicle mass, 
· Initial speed, 

2. Energy Stored in Flywheel
With combined efficiency of 80%:

3. Flywheel Rotational Speed After Braking
For a thin ring flywheel:
· Mass, 
· Diameter, 
· Radius, 
· Moment of inertia,
Rotational kinetic energy:

Therefore, the system operates within limits.





4. Final Vehicle Speed Using KERS Energy
Energy available after 80% efficiency during re-acceleration:



5. Plot of Final Speed vs. Braking Speed
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The graph shows a clear linear correlation. As the initial braking speed increases, the vehicle will reach a greater velocity after re-acceleration. The kinetic energy of the vehicle is proportional to the square of its speed, while the energy transferred to and from the flywheel represents a constant fraction (  of the original vehicle energy. Consequently, the final kinetic energy is also proportional to ,, resulting in a final velocity   that varies linearly with  ().

6. Re-acceleration from 60 mph Braking
From the calculations above, braking at 60 mph yields a final speed of 21.42 m/s. Assuming constant acceleration over 6.5 seconds:

7. Smaller Vehicle (1510 kg) with 4.5 kg Flywheel
For braking at 60 mph (26.82 m/s):
· Vehicle KE = ½ × 1510 × (26.82)² = 543,500 J
· Stored energy = 543,500 × 0.80 = 434,800 J
Flywheel speed vs. diameter relationship:
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The graph indicates that the flywheel's diameter and the speed at which it needs to spin are strongly related. If the diameter goes down (and the moment of inertia   goes down substantially, the rotating speed  must go up a lot to keep the energy level () the same. This has significant effects on design: a smaller, lighter flywheel must spin considerably faster to store the same amount of energy. This means that balance, bearing technology, and material strength must be stronger to handle the increased centrifugal forces.

8. Discussion of Relevant Assumptions
The analyses outlined above depend on several simplifying assumptions, which influence the extent to which they accurately represent real-world conditions.
· Point Mass Vehicle: If you ignore the rotational inertia of the wheels and drivetrain, the calculated initial kinetic energy of the vehicle will be a bit too low. To stop the vehicle, you also need to stop these parts.
· Idealised Flywheel Geometry: The "thin ring" hypothesis constitutes a simplification.  A flywheel's mass is distributed along its radius, resulting in a lower moment of inertia compared to a thin ring of the same mass and outer diameter.  This implies that our calculations may understate the necessary rotational velocity.
· Assuming a constant combined efficiency of 80% for both braking and acceleration represents a simplification. Actual efficiency fluctuates depending on speed, torque, and temperature.
· If we ignore aerodynamic drag and rolling resistance when the vehicle speeds up again, we end up overestimating its final speed. These forces actually consume some of the energy recovered.
· Assuming the flywheel starts from rest is reasonable for a single braking event. However, during repeated cycles, the flywheel retains residual angular velocity, which modifies the system's energy dynamics.
· Perfect CVT: It is unrealistic to expect a CVT to always operate at the optimal ratio. In practice, transmission losses and control delays will slightly degrade its performance.

These assumptions offer a reasonable first-order approximation and facilitate understanding of the system's fundamental physics. However, comprehensive engineering design requires a more sophisticated model that accounts for all relevant factors.
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