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INTRODUCTION
[bookmark: _Toc27164519]Aims
To prove the theory for energy in a flywheel.
[bookmark: _Toc27164520]Objectives
Objectives of this report are to record and analyse the results of an experiment to prove a theory. To discover the relationship between potential and kinetic energy within a flywheel and how this is affected by load.
[bookmark: _Toc27164521]What is a flywheel?
A flywheel is a weighted wheel which rotates in order to moderate/oppose speed fluctuations. It is also used to store kinetic energy (Merriam-Webster Inc, 2019). The most common application of a flywheel is within combustion engines, where it is used to reduce energy fluctuations in order to allow smooth operation of the engine.



[bookmark: _Toc27164522]EXPERIMENTAL PROCEDURE
[bookmark: _Toc27164523]Equipment Used
In order to carry out this experiment the following equipment was used:
· 
2

· Holed Work Panel
· Pulley Block
· Flywheel
· 
· Cord of String
· Weight Hanger
· Magnetic Rule
· Stopwatch
· 10g Weights
· Fixing Screws
· Pulley Brake
· Allen Key	
· 
[bookmark: _Toc27164524]Experiment Setup
The experiment was setup using a work board in which the components were fixed to with screws. The pulley block was fastened at the top center with the flywheel attached to this and pinched down by an internal screw. The cord of string was then attached to the other side of the pulley onto a shaft. The weight hanger was attached to the string and left to settle at the bottom of its travel. The metal rule was then aligned with the bottom of the hanger to be able to measure the travel distance. A stopwatch was available for timing, as was a supply of 10g masses to connect to the hanger.
[image: ]Figure 1 shows the experiment completely setup, not including any added masses or the stopwatch.[bookmark: _Toc27164539]Figure 1



[bookmark: _Toc27164525]Experiment Methodology
The experiment aim was to record the time it took for different weights to fall through a set distance and return to a maximum height. 
Once the experiment is set up the steps are as follows:
1. Raise hanger to required height (280mm)
2. Once settled, release flywheel
3. Time the process of falling and rising to a maximum height
4. Record the height it reaches
[image: ]Figure 2 shows the beginning of an experiment run. The hanger is loaded with mass and raised to a height of 280mm. This was made easy to reset to the same value by tying a knot in the cord as well as using a magnetic rule for reference which stayed in the same place.
The hand in the image is what was used to release the flywheel when the timer said go, allowing for the hanger to fall and rebound to a height, which was then measured against the metal rule by eye. The stopwatch was started as the flywheel was released and stopped when the mass reached a maximum height. 

[bookmark: _Toc27164540]Figure 2
In order to increase accuracy, this process was carried out three times for each selection of masses, with an average of the three times being used.
With the values of the mass, initial height, secondary height, and total time taken, further values of PE, mg, PE loss (adjusted) falling time, acceleration, velocity, (mg-ma)r, and a/r can then be calculated with the given formulas.


[bookmark: _Toc27164526]RESULTS
[bookmark: _Toc27164547]Table 1- Experiment Results
	Timing Results
	1 (0.1kg)
	2 (0.2kg)
	3 (0.3kg)
	4 (0.4kg)
	5 (0.5kg)

	Drop 1 
	4.72
	3.4
	2.79
	2.41
	2.04

	Drop 2
	4.42
	3.07
	2.92
	2.46
	2.01

	Drop 3
	4.58
	3.14
	2.9
	2.44
	1.96

	Avg.
	4.57
	3.20
	2.87
	2.44
	2.00

	Rebound Height (mm)
	240
	250
	255
	251
	230



This results table shows the values of the total time it took each mass to fall and rebound to maximum height. The average time was taken of the three results for each drop and the rebound height measured. The first drop for the 400g mass is highlighted as this was a result that was recorded again due to an anomaly. 



[bookmark: _Toc27164527]ANALYSIS
From the data that was acquired from the experiment, it is possible to find further values which relate to the flywheel’s energy. These tables highlight useful information and how it was obtained using the formulas.
The following nominal values were provided:
· If = 3.862 x10^-4
This can also be calculated by the formula 0.5mfr2
· It = 0.834 x10^-4
· r = 0.0065m
· d = 0.13m
· c = π*D*0.04084
[bookmark: _Toc27164548]Table 2- Calculated Values 1
	Mass m (kg)
	PE   
 (J)
	Time to fall and rise tt (seconds)
	h2
	mg
	PE loss
	PE loss Adjusted   J                      

	0
	0.00
	0.00
	0.000
	0.00
	0.00
	0.00

	0.1
	0.27
	4.57
	0.240
	0.98
	0.04
	0.02

	0.2
	0.55
	3.20
	0.250
	1.96
	0.06
	0.03

	0.3
	0.82
	2.87
	0.255
	2.94
	0.07
	0.04

	0.4
	1.10
	2.43
	0.251
	3.92
	0.11
	0.06

	0.5
	1.37
	2.00
	0.230
	4.91
	0.25
	0.13


[bookmark: _Toc27164528]Formulas used in Table 2
· PE: 			m*g*h
Potential energy is the amount of total energy stored within the flywheel. This value is accurate when the flywheel is not moving.
· PE loss: 			mg(h1-h2)
Potential energy loss is the amount of energy used in movement which cannot be recovered.
· PE loss adjusted: 	PE loss * h1/(h1+h2)
The adjusted PE loss a value of PE loss but only for the downward part of the movement. This is calculated so that it can be compared with the Kinetic energy, as the KE maximum value is at the bottom of the travel.


[bookmark: _Toc27164549]Table 3- Calculated Values 2
	Falling Time tf (seconds)
	Acceleration a (m*s-2)
	Velocity v (m*s-1)
	Velocity   ω (rad*s-1)
	τ cord   (mg-ma)r
	a/r
	KE                  J
	KE                    mJ

	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.000000
	0.00

	2.46
	0.05
	0.11
	17.52
	0.01
	7.11
	0.012804
	12.80

	1.69
	0.10
	0.17
	25.51
	0.01
	15.07
	0.027129
	27.13

	1.50
	0.12
	0.19
	28.71
	0.02
	19.09
	0.034365
	34.37

	1.28
	0.17
	0.22
	33.65
	0.03
	26.24
	0.047223
	47.22

	1.10
	0.23
	0.26
	39.27
	0.03
	35.73
	0.064307
	64.31


[bookmark: _Toc27164529]Formulas used in Table 3
· Falling Time:		 tt * h1/h1+h2
· Acceleration:		 h1/tf2
· Velocity:		 a*tf
· Angular Velocity: 	2πv/c
· Kinetic Energy: 		0.5It* ω2 
To find the kinetic energy in the flywheel the total moment of inertia must be calculated. 
The total inertia is the sum of the flywheel inertia as well as the other components such as the pulley, shaft and bearing.


[bookmark: _Toc27164530]CONCLUSION
[bookmark: _Toc27164531]Mass/PE loss relationship

[bookmark: _Toc27164541]Figure 3- mass/pe loss relationship graph
Figure 3 shows the relationship between mass and the potential energy losses. The trend shows that the larger the mass is applied to the flywheel, the larger the proportion of potential losses becomes.
[bookmark: _Toc27164532]Inertia value comparison
The value of inertia for the flywheel can be calculated using the formula If = 0.5*mf*r2. 
By deriving equations of torque and acceleration, the total moment of inertia can be calculated. By substituting (mg-ma)r into the equation τ=I*a/r and plotting this against a/r, an estimate of total inertia can be taken from the gradient of the trendline. 
[bookmark: _Toc27164542]Figure 4- (mg-ma)r plotted against a/r
From the data that we collected the estimated total moment of inertia for the flywheel setup. Although this graph clearly shows a good positive trend, the value is larger than expected. 
By adding the nominal values of the flywheel as well as shaft and pulley, the calculated total moment of inertia comes to 0.000553. This is very different to the estimate from our graph. 

[bookmark: _Toc27164533]Sources of error
With an experimental result of 0.000553 compared to a theoretical result of 0.0009, this gives an error percentage of 40.8%. This is calculated by subtracting the theoretical value from the experiment value, and then dividing by the theoretical value. Comparing this to a similar experiment to calculate inertia values of a flywheel, this is not so bad considering their 47-54% error values (SARMAN, n.d.). 
Our errors could be due to incorrect nominal values in which case further data should be acquired to calculate these values before performing the experiment in future.
The timing process was also not ideal and could lead to variances in results which would affect the results such as velocity and acceleration.
From the results we took, a trend of increasing rebound heights was shown until the last mass drop. There is a possibility that this is an error due to the equipment used, such as the cord not being strong enough for the force applied to it. This would explain why the cord broke during the experiment. As a second cord was used, this could have had different characteristics to the first one which may lead to discrepancies in the result.



[bookmark: _Toc27164534]EVALUATION
The results from this experiment are not unexpected. Although the specific values are not in line with the calculations, the trends agree with the current theories of energy in flywheels. [bookmark: _Toc27164543]Figure 5- losses against speed

[image: ][bookmark: _Toc27164544]Figure 6- losses against speed (S.R.Gurumurthy, 2013)

Taking a chart of data from a 2013 experiment, the similarities in losses compared with speed are similar. It is clear that the faster the flywheel rotates, the more potential energy it loses. This in turn can be correlated to the amount of mass that is added to the flywheel, as our trends show that the flywheel rotates faster as more mass is added. Therefore, leading to a conclusion of more mass = more potential losses (figure 7).

[bookmark: _Toc27164545]Figure 7- mass againts losses


[bookmark: _Toc27164535]FURTHER WORK
There are many factors that could be improved upon with this experiment ranging from the quality of equipment used as well as human factors.
[bookmark: _Toc27164536]Human Factors
The way results were recorded during this experiment left a large opportunity for error. By eliminating human error, the results could be a lot more accurate.
1. Reaction Time.
The reaction time of the individuals carrying out the experiment makes a difference on the accuracy of the timing. From starting the stopwatch when the flywheel is released, to stopping it at the correct time at maximum height, there will be a level of inaccuracy. To improve this, another method of timing can be used. By recording the experiment and reviewing the frames, the issue of reaction time will be eliminated.
2. Smooth Release
Releasing the flywheel to allow the mass to drop was done by hand. This required communication from the timer to another person, who then must let go of the flywheel without adding any force to it. This could be improved by using a system to release the brake on the flywheel at the exact same time as the timer starts to eliminate the time difference that this communication takes.
[bookmark: _Toc27164537]Equipment Improvements
1. Timing
As stated in 7.1,1, a camera would have been an upgrade over a stopwatch. By using a recording of the experiment, it would be possible to more accurately measure results by determining which frames the experiment starts and stops. Even with a basic 30fps recording, this can reduce the timing error to 1/15th of a second. With the average human reaction time of ¼ of a second (Backyard Brains, 2017), assuming they react at the correct time, this would lead to a variable of about ½ of a second, which is 25% of the total time of our shortest result.
2. [image: ]Cord[bookmark: _Toc27164546]Figure 8-Broken cord from our experiment

During our experiment the chord broke twice resulting in values needing to be re-recorded. The cord may have degraded during each run of the experiment, therefore giving inaccurate results. To improve this, a stronger cord could be used which will maintain its strength better, or a new piece of cord could be used for each run. Fishing line or paracord are some options that may be more effective.
3. Measurement
The measuring of the height of the rebound was done by eyesight with a metal rule. To make this more accurate, a similar method to the timing improvement could be used, in order to review the experiment afterwards and determine exact height values.
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