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1. [bookmark: _Toc27133420]Introduction
Flywheels use their rotating mass as a principle to store kinetic energy, the stored energy, E is equal to half the moment of inertia multiplied by the angular velocity2. They have been used for centuries to convert energy types from electric to kinetic and vice versa. The stored energy would be used during times of high demand or when the generation cost is cheap, it is then useful to convert to store the energy in low usage times or when it is cheaper to generate the energy.
This report will investigate the relationship between the falling time of a mass on a flywheel, the height of which it returns and the moment of inertia. By using various masses in increments in 100g, the time to fall and rise will present different results with it therefore all other aspects such as the maximum height of the mass’ return (h2) and so being able to calculate the potential energy loss. From calculating the force (mass x gravity – mass x acceleration), the torque (τ) in the cord can then be found by multiplying the force by the radius of the pulley, then producing the angular acceleration (α), which is acceleration/radius of the pulley, plotting these against each other then determines the moment of inertia (I) which is the gradient of the graph.


2. [bookmark: _Toc27133421]Experimental Procedure
2.1 [bookmark: _Toc27133422]Apparatus
· Pulley Block
· Flywheel
· Weight hanger
· Cord (280mm)
· Work Panel and Stand
· Magnetic ruler
· Stopwatch/s
· 100g weights

2.2 [bookmark: _Toc27133423]Set Up and Procedure

The pulley block and flywheel were fitted to the work panel in the correct holes as shown on figure 1, the weight hanger was then connected to the pulley by the cord, allowing the weight hanger to be at the bottom of its travel the magnetic ruler was then placed on the work panel so that 0mm on the ruler was horizontally in line with the bottom of the weight hanger. As the weight hanger already weighs 10g, 90g of mass was added to amount to 100g. The flywheel was turned to wind up the cord so the bottom of the weight hanger is at 280mm on the magnetic ruler, this would be taken as h1, as the flywheel is then released the stopwatches were started, the bottom of the weight hanger reached 0mm then returns upwards towards its original starting point although not fully to 280mm due to frictional potential energy loss, the maximum height reached(h2) is taken at eye level to reduce parallax and the stopwatches were paused an average of the 2 times was used to improve data quality, the height and time are then recorded in a table, this action was repeated twice. An average of these results was then calculated and recorded in the final table. Another 100g was added and the procedure was repeated three more times, these steps were then continued until results were collected for the mass of 500g.
[image: ]
[bookmark: _Toc27042423]Figure 1. Set up of the experiment



3. [bookmark: _Toc27133424]Results
[bookmark: _Toc27042430]Table 1. Results and Calculations Collected
[bookmark: _GoBack][image: ][image: ]
[bookmark: _Toc27042424]Figure 2. Torque Against Angular Acceleration

4. [bookmark: _Toc27133425]Analysis
From completing the experiment, figures were gained which then allowed further work and calculations to take place and develop a further understanding with additional figures.
[bookmark: _Toc27042431]Table 2. The Collected Results
[image: ]
These were the figures produced from the experiment, showing a negative correlation between the mass of the hanger (m) and the time to fall and rise (t) but the maximum height does not follow this trend, the maximum height increases as the mass of the hanger increases until it reaches 0.4kg where the maximum height reached starts to decrease.
[image: ]
[bookmark: _Toc27042425]Figure 3. Time To Fall and Rise Against Mass of Weight Hanger
The graph shows the negative correlation between the two however the trend line is more of a logarithmic decay compared to a linear or exponential line that would be expected, the R2 value of this trend line is 0.9868 therefore there is a very strong correlation between these two results.
[image: ]
[bookmark: _Toc27042426]Figure 4. Maximum Height Reached Against Mass of Weight Hanger
Figure 4 shows much more of a parabolic fit with similar levels of growth to decay, this would be due to the mass shaking after it reaches the minimum point, this could be caused by the cord stretching at the minimum point due to the tension that the mass is causing.
An excel document was produced, executing the formulas to calculate other figures like the potential energy by multiplying the mass of the hanger by gravity by the starting height, h1. By then using the maximum height on return, the potential energy loss could then be calculated using mass*gravity*difference between h1 and h2, this would be due to the friction within the pulley block and the air resistance of the weight hanger as it falls and rises. However, because the PE loss is for the fall and rise, the PE loss for just the falling section would help compare more accurately with the kinetic energy figures also located in the spreadsheet, to work this out the PE loss would be multiplied by the height ratio of h1/h1+h2. The height ratio was also used to calculate the falling time of the hanger when the flywheel was released by multiplying the total time for the fall and rise, t by the height ratio, this calculation works but many other equations could be used to work this out such as the suvat equations as the acceleration is constant, g.
By using the falling time for each of the mass’, the acceleration can be calculated as distance (h1)/falling time2 (tf), as expected the acceleration increased as the mass increased even with the shorter falling times, this is because of the increased force (more weight) acting upon the hanger. Velocity at the lowest point is then calculated using tf*a and again increasing as the mass is increased even though the falling times are shorter and in similar steps of 0.02-0.05ms-1 per 100g of mass added.
Angular velocity (ω) meaning radians swept out by the flywheel per second also grows as expected because of the velocity increase after each step. Knowing that the radius of the pulley is 0.0065m, dividing the angular velocity by the radius gives the angular acceleration. Using a directional force diagram, the force (F=ma) would be the weight (mg) subtract the tension in the cord, giving the equation; ma=mg-T. Tension would also be known as the force within the cord, by rearranging to find this, the outcome is T=mg-ma (Vedantu.com).
The torque (τ) in the cord is tension*radius of the cord therefore τ=(mg-ma)r, but it is also equal to the moment of inertia*angular acceleration (Iα) so (mg-ma)r=Iα. Using the general equation of a straight line, y=mx+c, correlating them together allows the production of a graph
 y=mx+c




(mg-ma)r=Iα+0



By plotting the torque in the cord against the angular acceleration, the gradient of said graph is equal to the moment of inertia as the graph is linear, the gradient is constant which is correct as the moment of inertia is a fixed value. The gradient works out to be 0.0007kgm2 which isn’t so far off the specified moment of inertia given in the worksheet (0.000834kgm2), this shows that the results collected are accurate and reasonable.


5. [bookmark: _Toc27133426]Conclusion
To conclude the experiment, the positive relation between the mass of the hanger and the potential energy loss shows that as the mass is increased, so is the potential energy loss. The table shows that the PE loss increases in increments from 0.019J to 0.07J with the mass increasing in equal amounts of 100g. However, in an ideal world the PE at the start (h1) and PE loss found at h2 would be equal to when the kinetic energy is it it’s maximum (where PE=0) when the velocity of the weight hanger is at its highest, momentarily before the height is 0m on the magnetic ruler, just before it comes to a stop (v=0) at the absolute bottom. This energy is not lost, because of the conservation of energy, but converted into heat energy and sound within the bearings of the pulley block from the spinning flywheel, as the speed of the flywheel increases so would the frictional force therefore the larger potential energy loss at higher velocities. Using (PE-PE loss adjusted)/PE the results show that the flywheel is around 93% efficient, so not a lot of energy is being lost due to the air resistance of the hanger or the friction of the flywheel.
The moment of inertia value found is 0.0007kgm2 although the ES9 worksheet given specifies that in fact the actual I value for the shaft and pulley is 0.000834kgm2, even though the result does not perfectly match up with the nominal value there are many factors involved that could’ve affected the results and the calculated figure is very close to the nominal figure given.

6. [bookmark: _Toc27133427]Evaluation
Overall, the experiment was carried out to a high standard however there were some areas that may have or definitely did affect the results:
· The height readings for h2 were taken without the use of additional equipment such as slow-motion cameras or lasers therefore it could come down to human error and the results may be marginally incorrect by approximately 2mm either way.
· The readings were tried to be taken at eye level to reduce parallax but may not be exactly eyelevel, due to not knowing what height the weight hanger would return to, there was also some gap between the hanger and the magnetic ruler which would alter the values seen on the ruler (see Figure 5).
· The method used to find the time to fall and rise, 2 stopwatches were run and the average of them was recorded, but this is relying on 2 people and the accuracy, obviously they will be some time off due to the reaction time which is roughly 0.2 seconds, to negate this reaction time, an electronic stopwatch could be used which would automatically start as the flywheel is released and stop when the hanger reaches its highest point.
· As more mass was added to the hanger it became more unstable, especially at 0.4 and 0.5kg. This additional weight caused the cord to stretch a little as it reached the height of 0m then upon its travel upwards it was bouncing, causing an imbalance as the travel is not as smooth, therefore the maximum height reached (h2) that was recorded is not a true reflection to what the actual value would be. The question is then asked; how would the results change if this wasn’t the case?
Even though all these factors would’ve skewed the results collected, the moment of inertia calculated comes very close to the nominal value given in the workbook, therefore this experiment would be classed as a success.


7. [bookmark: _Toc27133428]Further Work
Flywheels are used as energy storage systems around the world as they can quickly convert rotational kinetic energy into electrical energy, which is driven by a motor to wind it up, usually when it is cheaper to generate electricity which is at times of low demand. To increase the energy stored either the rotational velocity (ω) can be increased meaning more revolutions per minute or the moment of inertia (I) can be increased. Usually only one or the other is increased like a low speed flywheel which is made out of much heavier material, this flywheel would typically have rotational speeds of up to 1000 rad.s-1 and because of the lower speeds only mechanical bearings have to be used. The high speed alternative would see speeds of around 10,000 rad.s-1 therefore would have to be made of lighter materials and magnetic bearings, the magnetic bearings support the flywheel through magnetic levitation, the lack of physical contact drastically reduces the friction and vibration compared to a standard mechanical ball bearing (Mdpi.com, 2017).
The electric flywheels efficiency is said to be around 93-95% efficient which the figure of the experiment flywheel fits within, leading the belief that the calculations are correct to a certain extent. Their charge and discharge rates are very high as they electrical power to be delivered in a short amount of time compared to other stations such as a coal power station however do pose a safety risk with such a large mass rotating at high speeds like the Joint European Torus flywheels, they weigh 775 tonnes each and are about 9 metres in diameter (Science Direct, 2016).
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To prove the theory for energy in a flywheel.

Experiment Setup

As shown in Figure 1, fix the Bearing Block and Flywheel to the Work Panel. Count the holes in the Work
Panel if you need to make sure everything fts correctly.

Pulley
Block

Figure 1 Experiment Setup
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