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[bookmark: _Toc27045756]Introduction
[bookmark: _Toc27045757]Aims 
The aim of this experiment was to investigate and prove how energy is stored and transferred in a flywheel.
[bookmark: _Toc27045758]Objectives

For this experiment, the objective was to prove the theory for energy in a flywheel. This theory is that a flywheel stores energy based on the rotating mass principle. The flywheel imitates the storage of electrical energy by using mechanical energy as a means of storage. The energy is stored in the form of rotational kinetic energy. The energy is transferred to the flywheel from an electrical source, as the flywheel is charged, the angular velocity of the wheel increases. Conversely, when the flywheel discharges, the angular velocity decreases. (Amiryar and Pullen, 2017)

This principle can be related to the experiment carried out using the ES9 kit. The flywheel is charged with kinetic energy when the mass is released, the potential energy of the mass is converted to kinetic energy. Therefore, as the kinetic energy of the flywheel increases, so does its angular velocity. This also means that as the mass rises again after the cord has fully unwound, that the kinetic energy is then converted back to potential energy, hence the angular velocity of the flywheel will decrease.
 

[bookmark: _Toc27045759]Experimental Procedure

· [image: ]Set up the ES9 kit as shown in the guide and in Figure 1.
[bookmark: _Toc27055087]Figure 1: Diagram of equipment setup

· Count the number of holes on the panel to ensure the correct setup.
·  The bottom of the weight hanger must be 280mm from the bottom of the magnetic rule at its highest point, this is the starting position for each repeat of the experiment. 
· Once the cord is cut to the correct length, the weight hanger is loaded with nine 10g masses to make the overall mass on the hanger 100g.
·  The flywheel is turned to raise the hanger to 280mm on the rule. 
· A stopwatch is used to measure the time, in seconds, it takes the hanger to fall and rise back up to its maximum height h2.
· Both the time to rise and fall tt and the maximum height h2 are recorded.
· The process is repeated until three results are recorded, and a mean average is calculated for both the time to rise and fall tt; along with the maximum height h2. 
· [image: ][image: ]
· The entire process is repeated for a further four values for the mass increasing by 0.1 kg for each repeat. The data is then set out as in the first two columns of the table below.

[bookmark: _Toc27055088]Figure 2: Picture of the equipment set up as per the diagram

[bookmark: _Toc27055089]Figure 3: Picture of equipment set up
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Table 1: Results of the Energy in a Flywheel Experiment
	Mass m (kg)

	PE mgh1

	Time to fall and rise tt (s)

	h2 (m)

	mg

	PE loss corrected (J)

	Falling Time tf (s)

	Acceleration a (ms-2)

	Velocity v (ms-1)

	Velocity ⍵ (rad.s-1)

	(mg-ma)r

	a/r

	KE


	[bookmark: _Toc26897743][bookmark: _Toc26897981][bookmark: _Toc26905128][bookmark: _Toc27044798][bookmark: _Toc27045761]0
	[bookmark: _Toc26897744][bookmark: _Toc26897982][bookmark: _Toc26905129][bookmark: _Toc27044799][bookmark: _Toc27045762]0
	[bookmark: _Toc26897745][bookmark: _Toc26897983][bookmark: _Toc26905130][bookmark: _Toc27044800][bookmark: _Toc27045763]0
	[bookmark: _Toc26897746][bookmark: _Toc26897984][bookmark: _Toc26905131][bookmark: _Toc27044801][bookmark: _Toc27045764]0
	[bookmark: _Toc26897747][bookmark: _Toc26897985][bookmark: _Toc26905132][bookmark: _Toc27044802][bookmark: _Toc27045765]0
	[bookmark: _Toc26897748][bookmark: _Toc26897986][bookmark: _Toc26905133][bookmark: _Toc27044803][bookmark: _Toc27045766]0
	[bookmark: _Toc26897749][bookmark: _Toc26897987][bookmark: _Toc26905134][bookmark: _Toc27044804][bookmark: _Toc27045767]0
	[bookmark: _Toc26897750][bookmark: _Toc26897988][bookmark: _Toc26905135][bookmark: _Toc27044805][bookmark: _Toc27045768]0
	[bookmark: _Toc26897751][bookmark: _Toc26897989][bookmark: _Toc26905136][bookmark: _Toc27044806][bookmark: _Toc27045769]0
	[bookmark: _Toc26897752][bookmark: _Toc26897990][bookmark: _Toc26905137][bookmark: _Toc27044807][bookmark: _Toc27045770]0
	[bookmark: _Toc26897753][bookmark: _Toc26897991][bookmark: _Toc26905138][bookmark: _Toc27044808][bookmark: _Toc27045771]0
	[bookmark: _Toc26897754][bookmark: _Toc26897992][bookmark: _Toc26905139][bookmark: _Toc27044809][bookmark: _Toc27045772]0
	[bookmark: _Toc26897755][bookmark: _Toc26897993][bookmark: _Toc26905140][bookmark: _Toc27044810][bookmark: _Toc27045773]0

	[bookmark: _Toc26897756][bookmark: _Toc26897994][bookmark: _Toc26905141][bookmark: _Toc27044811][bookmark: _Toc27045774]0.1
	[bookmark: _Toc26897757][bookmark: _Toc26897995][bookmark: _Toc26905142][bookmark: _Toc27044812][bookmark: _Toc27045775]0.27468
	[bookmark: _Toc26897758][bookmark: _Toc26897996][bookmark: _Toc26905143][bookmark: _Toc27044813][bookmark: _Toc27045776]4.303333333
	[bookmark: _Toc26897759][bookmark: _Toc26897997][bookmark: _Toc26905144][bookmark: _Toc27044814][bookmark: _Toc27045777]0.234333333
	[bookmark: _Toc26897760][bookmark: _Toc26897998][bookmark: _Toc26905145][bookmark: _Toc27044815][bookmark: _Toc27045778]0.981
	0.024388308

	2.342709008

	0.051017754

	0.119519752

	18.40599879

	0.00634334

	7.84888525

	0.1368985


	[bookmark: _Toc26897761][bookmark: _Toc26897999][bookmark: _Toc26905146][bookmark: _Toc27044816][bookmark: _Toc27045779]0.2
	[bookmark: _Toc26897762][bookmark: _Toc26898000][bookmark: _Toc26905147][bookmark: _Toc27044817][bookmark: _Toc27045780]0.54936
	[bookmark: _Toc26897763][bookmark: _Toc26898001][bookmark: _Toc26905148][bookmark: _Toc27044818][bookmark: _Toc27045781]3.213333333
	[bookmark: _Toc26897764][bookmark: _Toc26898002][bookmark: _Toc26905149][bookmark: _Toc27044819][bookmark: _Toc27045782]0.247
	[bookmark: _Toc26897765][bookmark: _Toc26898003][bookmark: _Toc26905150][bookmark: _Toc27044820][bookmark: _Toc27045783]1.962
	0.034400152

	1.707273877

	0.096062004

	0.164004149

	25.25657994

	0.01262812

	14.7787698

	0.27253324


	[bookmark: _Toc26897766][bookmark: _Toc26898004][bookmark: _Toc26905151][bookmark: _Toc27044821][bookmark: _Toc27045784]0.3
	[bookmark: _Toc26897767][bookmark: _Toc26898005][bookmark: _Toc26905152][bookmark: _Toc27044822][bookmark: _Toc27045785]0.82404
	[bookmark: _Toc26897768][bookmark: _Toc26898006][bookmark: _Toc26905153][bookmark: _Toc27044823][bookmark: _Toc27045786]2.596666667
	[bookmark: _Toc26897769][bookmark: _Toc26898007][bookmark: _Toc26905154][bookmark: _Toc27044824][bookmark: _Toc27045787]0.25
	[bookmark: _Toc26897770][bookmark: _Toc26898008][bookmark: _Toc26905155][bookmark: _Toc27044825][bookmark: _Toc27045788]2.943
	0.046643774

	1.371823899

	0.148785737

	0.204107831


	31.4325324

	0.01883937

	22.8901135

	0.40658105


	[bookmark: _Toc26897771][bookmark: _Toc26898009][bookmark: _Toc26905156][bookmark: _Toc27044826][bookmark: _Toc27045789]0.4
	[bookmark: _Toc26897772][bookmark: _Toc26898010][bookmark: _Toc26905157][bookmark: _Toc27044827][bookmark: _Toc27045790]1.09872
	[bookmark: _Toc26897773][bookmark: _Toc26898011][bookmark: _Toc26905158][bookmark: _Toc27044828][bookmark: _Toc27045791]2.176666667
	[bookmark: _Toc26897774][bookmark: _Toc26898012][bookmark: _Toc26905159][bookmark: _Toc27044829][bookmark: _Toc27045792]0.247
	[bookmark: _Toc26897775][bookmark: _Toc26898013][bookmark: _Toc26905160][bookmark: _Toc27044830][bookmark: _Toc27045793]3.924
	0.068800304

	1.156483238
	0.209353076

	0.242113323

	37.28536457

	0.02496168

	32.2081655

	0.53870952


	[bookmark: _Toc26897776][bookmark: _Toc26898014][bookmark: _Toc26905161][bookmark: _Toc27044831][bookmark: _Toc27045794]0.5
	[bookmark: _Toc26897777][bookmark: _Toc26898015][bookmark: _Toc26905162][bookmark: _Toc27044832][bookmark: _Toc27045795]1.3734
	[bookmark: _Toc26897778][bookmark: _Toc26898016][bookmark: _Toc26905163][bookmark: _Toc27044833][bookmark: _Toc27045796]1.92
	[bookmark: _Toc26897779][bookmark: _Toc26898017][bookmark: _Toc26905164][bookmark: _Toc27044834][bookmark: _Toc27045797]0.235666667
	[bookmark: _Toc26897780][bookmark: _Toc26898018][bookmark: _Toc26905165][bookmark: _Toc27044835][bookmark: _Toc27045798]4.905
	0.118075113

	[bookmark: _Toc26897781][bookmark: _Toc26898019][bookmark: _Toc26905166][bookmark: _Toc27044836][bookmark: _Toc27045799]1.042533937
	0.257618845

	0.268576389

	41.36066717

	0.03104524

	39.6336685

	0.67000155



	







[bookmark: _Toc27045800]Analysis
[bookmark: _Toc27045801]Creating the Table
· Once there is a full set of data for the experiment, a table is created with the results collected. 
· The potential energy mgh1 is calculated for each of the masses used in the experiment and a column added in the table as below. 
· The value of mg is calculated by multiplying each mass by the accepted value for the acceleration due to gravity: 9.81ms-1. This is then added as a new column in the table. 
· Next, mgh2 is calculated; this is done so that the loss in potential energy PEloss can be calculated and added to the table using the formula:
 (TecQuipment, 2012)

· The values for PEloss must be adjusted and added to the table in order to make it easier to relate to the kinetic energy. This is done by multiplying the value of PEloss by the height ratio the formula for this calculation is:

· Once all of these values have been calculated and have been added to the table, the time taken to fall must be calculated as this is very hard to measure directly. This is done by multiplying tt by the ratio h1/(h1+h2) this gives the equation:
 (TecQuipment, 2012)

· The maximum linear velocity v of the mass is calculated next, this is done by multiplying the maximum acceleration of the mass by the time to fall, hence producing the formula:
 (TecQuipment, 2012)


· Because the mass and the pulley are connected, the linear velocity v of the mass is the same as the angular velocity  of the outside edge of the of the flywheel. However, the linear velocity must be converted to angular velocity using the circumference of the pulley c where c = 0.0408m to allow for the diameter of the cord on the pulley. (TecQuipment, 2012) The formula used to calculate the angular velocity is as follows:
 (TecQuipment, 2012)

· Input the calculated values into the table to produce a full set of results to then calculate the value of the moment of inertia. The complete table is shown below (Table 1). 

· Now the value of mg-ma must be calculated, this is equal to the force exerted on the cord at any point during the movement of the mass and pulley. Therefore:
 (TecQuipment, 2012)

· It is assumed that the cord does not stretch during the process of the experiment. Thus, the value for the torque in the cord is equal to the product of the force in the cord and the radius of the pulley:
(TecQuipment, 2012)

Therefore:
 (TecQuipment, 2012)


· The torque in the turning flywheel is equal to the product of angular acceleration and the moment of inertia. Therefore, the equation for torque in the flywheel is:


· The angular acceleration of the flywheel is determined using the equation:

This means that:



· By equating the two equations for torque together, the equation below is derived.

[bookmark: _Toc27045802]Drawing a Graph

This equation:   can be related to the equation of a straight-line y=mx+c. By relating the two equations, an equation for the graph to show the value of It can be derived. If a graph is plotted where (mg-ma)r is the value of the y-axis and a/r is the x-axis, then a straight-line graph is produced where the value of It is equal to the gradient of the line. Such a graph is shown below.
[bookmark: _Toc27055090]Figure 4: A graph of (mg-ma)r against a/r

As the graph shows, the value for It that is produced from the experiment is equal to the gradient of the graph. The value that was determined using the graph comes out at 0.0008 kgm-2. However, by calculating the gradient manually, using the equation:

The value for the moment of inertia It  comes out at 0.0007833 kgm-2 .
 Both of these values are approximately ten times bigger than the given value of 0.834x10-4 kgm-2 that was stated on the booklet that accompanies the ES9 kit. This is currently being investigated by the lecturer and the manufacturers of the ES9 kit due to a large number of coherent results that have been obtained from this experiment which are all ten times larger than the expected value. Due to this, I will be taking the calculated value for the moment of inertia It  as the correct value from here on out. Although the value calculated does not match the expected value given in the paperwork, the experiment has gone on to prove that there is a relationship between the potential energy of the flywheel and the angular velocity of the flywheel. Therefore, as the energy that charges the flywheel increases, so does the kinetic energy and hence the velocity of the outer edge of the flywheel. This therefore agrees with the principle outlined for the energy storage of a flywheel. 
[bookmark: _Toc27045803]
Conclusions

During the process of the experiment, a couple of issues were encountered. The results and findings of the experiment carried out help to prove the principle of energy storage in a flywheel. This is due to the results showing that, as the potential energy used to charge the flywheel increased; so, did the kinetic energy that the flywheel had, therefore the angular velocity also increased. This means that the experiment carried out using the ES9 kit has proven that the theory of the energy storage in a flywheel is correct. This is only a partial victory in terms of the experiment due to the value of the moment of inertia being out by a factor of ten. Therefore, the extent of the change in angular velocity would not be accurately modelled from the experiment carried out.

[bookmark: _Toc27045804]Evaluation

The two most noticeable issues were regarding the cord when it was put under a higher load. The first problem was that as the mass on the hanger was increased, the cord had a tendency to stretch, and snap, due to the tension. This resulted in inaccurate results due to the readings of the height not being very accurate. The other problem that was evident is, that due to the elasticity of the cord, the tension on the cord caused it to bounce, further decreasing the accuracy of the results taken. In order to overcome these issues; were the experiment to be repeated, another material should be considered in order to minimise the effects of the above-mentioned problems on the results. The guidance included with the ES9 kit gave clear instructions on the process to be carried out to obtain relevant results in order to investigate energy storage in a flywheel. During the practical element of the investigation, the methods of measuring the time and the maximum return height h2 were effective and allowed results to be retrieved. However, there are alternative methods of taking the measurements which would yield much more accurate results for the experiment. An example of these methods could include the use of a light gate system to measure only the falling time to get a more accurate value for the time taken to fall. Another option for improving the reliability of this experiment would be to use a slow-motion camera to precisely identify the highest point that the weight hanger reached when returning, this would allow more accurate calculations to be performed and would most likely yield a much more reliable result for the moment of inertia It . 

[bookmark: _Toc27045805]Further Work

[bookmark: _Toc27045806]History of Flywheel Energy Storage Systems (FESS)

[bookmark: _GoBack]The FESS has been used for many different applications. The first mention of a ‘flywheel’ was in the 18th Century where the use of metal to build components was first being favoured over wood. The 18th Century saw the first use of a FESS in steam engines. Flywheels can also be seen in action in devices such as water wheels, lathes, hand mills and other rotary machines that can be operated by either a human or animal. In 1885, Karl Benz built what would be the first production 3 wheeled vehicle. Benz’s vehicle utilized a new design of flywheel with curved spokes and a large diameter to store the kinetic energy produced by the small single cylinder engine which powered it. Since the industrial revolution, flywheels and flywheel energy storage systems have been steadily developed and used in progressively larger and more intricate applications. In the 1970s, a FESS system was suggested for use in space missions. (Amiryar and Pullen, 2017)
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A graph of (mg-ma)r against a/r

y = 0.0008x + 0.0004
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