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1 Introduction

A flywheel is essentially a heavy wheel that has the ability to store a great deal of Potential Energy
(Woodford, 2018). The flywheel is used in many different machines, however the most prevalent
use of it 1s cars fitted with manual gearboxes. The flywheel in a car is used for providing rotational
inertia potential, allowing there to be a constant source of energy even when the primary energy
source (engine) is intermittently present. This allows the engine to stay running when the clutch is
engaged, or when changing between gears. Porsche has used a flywheel system in their 911 GT3R
in 2010, to act a hybrid energy unit.

Figure 1: Energy Storage in a Flywheel (Abuelsamid 2018)
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The flywheel spins to nearly 40,000rpm, and idles at 24,000rpm, and can release up
to 163 horsepower for 6 seconds, helping with out of corner acceleration, or a mild “push to
pass’ system. (Abuelsamid 2018)

In this experiment the goal 1s to understand the principle of potential energy stored in
a flywheel, and how it is converted in to kinetic energy. It is apparent to see the relation
between higher Potential Energy, and how the forces due to gravity and friction increase when
mass 1s added. There are areas of the experiment and procedure that introduce some
inaccuracies into the data, which will be discussed in the Evaluation section, as well as
providing some insight on improvements, allowing for a more accurate experiment. There is
a full data sheet, which is in Appendix 1, which provides all the calculations for each variable.
Also, in Appendix 2, there is a full data sheet that provides all raw data collected from the
experiment,




2 Experimental Procedure

2.1  Set-Up Procedure

In order to set up the experiment, first the ES9 kit must be acquired, and once this has been done

the assembly is as follows:

Place work panel on flat level surface

Install bearing block so that it 1s on the top row, with 6 holes exposed to the left
of the unit

Place flywheel onto the bearing block shaft, and tighten the set screw firmly
using the supplied Allen key

Place the weight hanger on the cord

Allow weight hanger to be at the bottom of its travel, bottom dead center

Line up the Omm line on the magnetic rule with the bottom of the weight hanger

Figure 2: Experiment Set-up 1 Figure 2: Experiment Set-up.2

2.2 Performing the Experiment

When performing the experiment, it is key to try and stay as consistent and accurate as possible

L

Add 90g of masses so the total weight 1s 100g
Turn the flywheel until the bottom of the weight hanger 1s level with the 280mm
mark

Have a partner measure with a stop watch how long it takes for the weight hanger




to go from maximum height (h,), to bottom dead center, and its new maximum
height, stopping the stop watch at its new maximum height (hz)

It 1s also vital to record the new maximum height, either by stopping the flywheel
at its new maximum height, or having a partner watch the ruler and watching
where the new max height (h) is

Repeat 3 total times

Record all data

After each set, add 100g, until a final weight of 500g is achieved




3 Results

3.1  Averages of Data Collected
Flywheel Averages

Weight (g) Average Time (s) Average h; (m)
100g 4.036 0.2473
200g 2.93 0.2556
300g 2.12 0.26
400g 1.97 0.2486
500g 1.93 0.2426

Table 1-1: Averages of Data collected
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4 Analysis

4.1  Explanation of Calculations and Formulae

4.1.1.Moment of Inertia

In the experiment the potential energy stored in the mass of the flywheel (330g) is converted
to rotational kinetic energy as the weight is released. This kinetic energy is resisted by the
flywheels” Moment of Inertia, 1.e. its’ resistance to change in rotation, as can be applied to

our experiment in Fig 1-1.

Figure 1-1: Moment of Inertia Formula and Calculation

Formula: I;= O,S.’Hﬁ"? Notation:

) R Ir=moment of ertia of flywheel,
Applied: I;=0.5(.330).1° kg/m?

Im;= moment of inertia of mass 1
I;=3.862x10" kgfm2
Im2»=moment of mertia of mass 2
T = 0.5(.100)(.0065%) (200g)

my=mass of flywheel
1., = DNISRNOE KRR
In2 = 0.5(.200)(.0065%)
I.>= 4225 x 10°kg/m®
Data for Masses 3, 4, 5 can be found in appendix |

7 = radius of flywheel. squared

4.1.2 Potential Energy

Energy can be stored in an object as a result of its’ relative position. Energy that is stored as
the result of an objects position or height, 1s called gravitational potential energy. (Henderson,
2018). In the ES9 experiment the Flywheel has potential energy as a result of a weight being
attached the shaft and pulley. Once released the weight will be able to exert a torque on the

pulley, spinning the flywheel. converting the potential energy ito kinetic energy due to

gravity which is constant for all tests Notation:

P.E =Potential Energy (J)

m; = mass 1

m; = mass 2

g = Acceleration due to Gravity

P.E. = (.100)(9.81)(.28) (9.8m/s*) constant for all tests
h; = Starting height, .28m for all tests

Formula: P.E. =mgh

Applied: P.E. =mgh;




PE. = S

PE.

(.200)(9.81)(.28)

P.E. = 549
Data for Masses 3, 4, 5 can be found in appendix 1

4.1.3. Weight in Newtons
When we think of weight, we refer to something in kilograms or pounds, however this is the
mass of an object. Weight is defined as the force of gravity acting on an object, which has a
mass. The unit for weight is Newtons (N). (Nave, 2018) In the ES9 experiment, the weight

of the hanger is equal to the mass of the entire unit multiplied by the force due to gravity.

Formula: Weight = mg Notation:

Applied: Weight = (.1)(9.81) Weight = Newtons (N)

Weight = 98 N EEE

Weight = (2)(9.81) # = Weight of Mass 1

¢ = Acceleration due to Gravity
(9.8m/s?) constant for all tests

4.1.4. Potential Energy Loss (Adjusted)

The loss of potential energy is simple; It is the difference in hl and h2, as a result of friction
losses on the pulley and bearings, air resistance, and side to side movement of the weight
hanger. This loss of distance contributes to the understanding of how weight affects this
variable, because with more weight there is more load on the bearings and pulley, increasing
the coefficient of friction. (Machine Design, 2018)

Formula: P.E.jos = mgh; — mgh:
P,E‘fm-.s-= mg(h1 - hz)
h1

P.E.ioss (adjusted) =P.E.jo5 X T




P,Evu‘n.u (ad.]us"ed) =.0294 x 28+4.25

P .E.js (adjusted) = .0104 J

P,E..‘ms (adJUSled) = 2 158 X 284+ .256

Notation:
P.E. uss = Potential Energy Loss ()
m = Mass
g = Acceleration due to Gravity (9.81
m/s?)

h, = Height 1 (.28m for all runs)
h, = Height 2
# =P.E. Loss with mass 1 (100g)

P E.joss (adjusted) = 04714

4.1.5. Acceleration
Acceleration is denoted the as rate at which velocity changes: As velocity is a speed and a
direction, the only ways to accelerate are to change speed or to change direction. (Kahn
Academy, 2018) When the pulley is released, the weight hanger accelerates due to the force
of gravity pulling directly downwards on the system. This allows a torque to be applied to the
pulley and flywheel turning potential energy into kinetic energy. In order to find the time 1t

takes for the fall, #; accurately, we need to measure the total time taken, f, and multiply by

the ratio This ratio is a more accurate way of calculating acceleration because it

h
hi+h2’
accounts for total time fallen which is more accurate than falling time, because falling time

is calculated where total time is measured.

h1
Formula: a = —
t

f

Applied: (next page)




h1l

h=hx h1+h2 Notation:

tr=Falling time (s)

t; = Total Time (s)

h;= Height 1 (.28m for all runs)
=213 h: = Height 2

a = acceleration (m/s?)

26 # = Acceleration of mass 1

213° # = Acceleration of mass 2

a=.062 m/s’

.28

f4=4.03 x
i 28425

.28
.28+.256

4=293x

4=153

28

a=——"""7F
1532

4.1.6. Velocity (Linear & Angular)
Linear Velocity:
Velocity is the rate of change of position over a certain length of time. Defined as
displacement with respect to travelling time, we can relate this to the ES9 experiment because
the change of displacement of the weight hanger over the time 1t takes to get from A, to /2, 1s
equivalent to its’ linear velocity. Linear velocity is the velocity of the object travelling in a
straight line or in other words the body is said to be moving with linear velocity when its

direction is not changing. (tutorvista, 2018)

Angular Velocity:

Objects that turn, rotate, or move in a circular direction have both linear velocity and angular
velocity. (tutorvista, 2018) The angular velocity of an object traveling on a circular path 1s

defined as ratio of the angle travelled to the amount of time it takes to traverse that angle.




Formula: v = at; (linear)

2TV
w= T (angular)

Applied:
Linear Velocity: Angular Velocity:
v=(.062)(2.13) o= 2m(.13)
.0408
v=.13m/s
® = 20.42 rad/s
v=(119)(1.53) .

V=182 0 - L5

.0408

4.1.7. Torque

Notation:
v = Linear velocity (m/s)
w = Angular velocity (rad/s)
¢ = circumference (.0408 for all tests)
a = acceleration
tr=falling time

v; = Linear velocity of mass 1 (100g)

Torque is defined as a twisting force that tends to cause rotation. In ES9 experiment the

twisting force 1s the weight hanger being released and travelling downward, and the axis of

rotation 1s the pulley and shaft. The point at which the object rotates is called the axis of

rotation. In order to find torque, we must first calculate force, however we can substitute the

equation for force in the torque equation, replacing /¥ with (mg — ma). Part of the torque

calculation is the determination of direction. The direction is perpendicular to both the radius

from the axis and to the force. It is conventional to choose it in the right hand rule direction

along the axis of rotation. (Howard, 2018)
Formula: ' =mg — ma
t=Fr

T =(mg— mar

Applied:
7 = (. 1)(9.81) — (. D(.062)(.0065)
7,=6.3x10° N

7 = (:2)(9.81) — (.2)(.062)(.0065)

Notation:
F=Force (N)
m = Mass

g = Acceleration due to
Gravity (9.81 m/s?)

a = acceleration

T = torque

r = radius (.0065m)

71 = torque of mass 1 (100g)

10




4.1.8. Angular Acceleration

Angular Acceleration is defined as the rate of angular velocity in relation to time. In ES9

experiment, the angular acceleration in the flywheel is equal to the acceleration of the weight

hanger divided by the pulley radius (.0065m for all tests).

Formula: @ = = Notation:
r

Applied: o = Angular Acceleration (rad/s)

a1 = (.062)/(.0065) a = Acceleration

=054 radfs r = Pulley Radius (.0065m for all

=" =

o2 = (.119)/(.0065) s

_ o= Ang Ace. Of mass 1 (IOOg)
o2 =Ang. Acc. Of mass 2 (200g)

4.2.1 Caleulating the Gradient
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The equation for slope, m, will give us the moment of inertia value, ],

B y2-y1
Formula: m =
x2-x1
: 18.31-9.54
Applied: m = T
m=7.18 x 102

if we do this calculation for all points on the chart we will get the average moment nertia value.

Therefore, the average moment of inertia value, I, is 9.194 x 10~ kg/m*

12




Conclusion

The relationship between the mass added and PE loss is somewhat linear. The reason for “somewhat™,
1s because of the human error fagtor; and the inaccuracies they create. If the human element is ignored,
the relationship between m and PFE).s would be linear. The reason for this increase in PFE), with each
mass increment, is because the kinetic energy required to make the weight hanger reach 4 is increased
for each weight increment. Furthermore, through the Law of Conservation of energy, energy cannot
be created nor destroyed, however it can be lost due to frictional forces such as bearing resistance and
air resistance. The frictional losses due to air resistance increase with each weight increment because
the velocity increases each time. Air resistance, often referred to as a fluid, increases as velocity
increases due to the object moving having to displace the air.One can see.an increase in the Pkjoin
the system due to frictional losses. Another visible point is the fact that after a certain weight increment
the velocity didn’t exponentially increase. If PE at the top of the stroke is compared to the KE at the
bottom of the stroke, it is evident how much energy has been lost. As the Law of Conservation of
energy states, the energy was lost due to friction and human error. This reduction in kinetic energy

means that 72> will be lower as a result of the increase in mass and reduction of KE.

Evaluation

There are many potential inaccuracies that the experimental procedure introduces. The first of which
is the inaccuracy of humans, meaning the data is extremely unreliable because we are reliant on a
human starting the fall, stopping the flywheel at A, operating a stopwatch based on vision, and
watching for the value of /> based on what is “seen”. The instructions say to start the fall by releasing
the “brake”, a thumbscrew that applies pressure to the shaft stopping it. This is inherently flawed
because as it 1s unscrewed to start the fall, the release 1s gradual meaning there is a level of friction
still being applied. This doesn’t allow a clean free fall to be achieved, skewing all results. The main
issue is with timing, i.e. the person operating the stop watch. They have to rely on sight to determine
when #; 1s achieved, allowing them to stop the clock. Human reaction time is extremely unreliable,
leading to the extreme unreliability of the data collected. A nominal average value for human reaction
1s 284 milliseconds. (Humanbenchmark.com 2018) The way to fix this main issue is to tumn to
electronics. A simple pin that 1s used mstead of the thumbscrew will lead to a clean and uninterrupted
release. Using some form of mild slow motion camera focused in on the weight hanger and ruler would

allow users to see exactly what time /2 1s reached, as well the value of /2 itself.

13
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Appendix 1-1

Energy in a Flywheel Data

Weight (g] P.E.(j) Time to Fall & Rise (s)

100g
200
300g
400g
500

Weight (g) Acceleration (m/s*-2) Velocity (m/s?-1)  Velocity (rad/s*-1)

100g
200g
300g
400g
500

0.27 4.03
0.55 2.93
0.82 2.12
11 1.97
137 1.93

Energy in a Flywheel Data

0.062
0.119
0.274
0.259

0.26

Height 1 (m)

0.13
0.182
0.276
0.269

0.27

0.28
0.28
0.28
0.28
0.28

Energy in a Flf&@heel Data

Height 2(m) mg  PE Loss Adjusted (j)
0.25 0.98 0.0104

0.256 1.96 0.0471

0.26 2.94 0.0589

0.249 3.92 0.1216

0.241 4.91 0.1913

Torque (Nm)  Angular Acceleration

20.48 6.3x107-3 9.54
28.03 12.6x107-3 18.31
42.5 18.59x107-3 42.15
41.43 24.83x107-3 39.85
41.58 31.04x107-3 40

Falling Time (s)
213
133
1.01
1.04
1.037

K.E. ()
8.45x107-3
1.1x107-3
11.26x10"-3
13.41x107-3
16.9x107-3




Appendix 1-2

Weight (g)
100g

200g

300g

400g

500¢g

RAW FLYWHEEL DATA
Time (s)
4.27
3.79
4.06

2.96
3.15
2.69

2.3
2.36
2.17

1.83
2.04
2.04

2.09
1.84
1.9

Total Travel Dist. (m)
0.25
0.244
0.248

0.257
0.254
0.256

0.26
0.26
0.26

0.245
0.248
0.243

0.24
0.245
0.243
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SATISFACTORY 40- An adequate awareness and mostly appropriate application of basic methods,

49% materials, tools and/or techniques. Basic appreciation of the context of the

) application. Can identify problems in particular contexts and propose basic alternative
approaches or solutions though there may be errors.

GOOD 50-59% A good and appropriate application of basic methods, materials, tools and/or

) techniques. Clear appreciation of the context of the application. Good evidence of
different approaches to problem-solving in particular contexts and proposes mostly
appropriate solutions.

VERY GOOD 60-69% A very good application of a range of basic methods, materials, tools and/or

0) techniques. Very good consideration of the context of the application. Very good
evidence of different approaches to problem-solving in particular contexts and
proposes appropriate solutions.

EXCELLENT 70-79% An advanced application of a range of taught, basic methods, materials, tools and/or

0) techniques. The context of the application is well considered, and insightful. Excellent
evidence of different approaches to problem-solving in particular contexts and
proposes appropriate solutions.

EXCEPTIONAL 80-  Exceptional levels of application and deployment skills in particular practical contexts.

100% Outstanding identification of problems in particular contexts and formulation of
(0) wholly appropriate, thoughtful solutions / different approaches.
SKILLS PROF P 0/0

Transferable skills for life and professional practice (Communicate the results of their study/work
accurately and reliably, and with structured and coherent arguments; the qualities needed for employment
requiring the exercise of some personal responsibility within a structured and managed environment.)

FAIL 0-29% Work is poorly structured, disorganised, inaccurate and/or confusingly expressed.

0) Very weak use of language and/or very inappropriate style. Failure to work effectively
individual or as part of a group. Little or no evidence of the skills for employment
requiring the exercise of some personal responsibility.

UNSATISFACTORY  Work is poorly presented in a disjointed manner. It is loosely, and at times

30-39% incoherently, structured, with information and ideas often poorly expressed. Weak

) use of language and/or inappropriate style. Flawed approach to individual or group
work, meeting only partial obligations to others. Limited evidence of the skills for
employment requiring the exercise of some personal responsibility.

SATISFACTORY 40- Mostly ordered presentation and structure in which relevant ideas / concepts are

49% reasonably expressed. Work may lack coherence and/or accuracy in places. Can work

) as part of a group, meeting most obligations to others but perhaps with limited
involvement in group activities. Demonstrates the basic skills for employment
requiring the exercise of some personal responsibility, with some areas of minor
weakness.



GOOD 50-59%
)

Mostly coherent, organised and accurate work, in a suitable structure and is for the
most part clearly expressed. Can work effectively independently and/or as part of a
team, with clear contribution to group activities. Demonstrates the skills for
employment requiring the exercise of some personal responsibility, with some areas
of strength and some of minor weakness.

VERY GOOD 60-69% Work is accurate, coherent, fluent, well-structured and organised. Can work

©)

EXCELLENT 70-79%
©)

EXCEPTIONAL 80-
100%

©)

effectively independently and/or as part of a team, with very good contribution to
group activities. Demonstrates very good skills for employment requiring the exercise
of some personal responsibility, with just occasional minor weakness.

Work is coherent, very fluent and is presented professionally. Can work effectively
independently and/or as part of a team, with an excellent contribution to group
activities. Demonstrates excellent skills for employment requiring the exercise of
some personal responsibility with an appetite for further development.

Work is accurate, exceptionally coherent, very fluent and presented well. Can work
effectively independently and/or as part of a team, with an exceptional contribution to
group activities. Demonstrates exceptional skills for employment requiring the
exercise of some personal responsibility with an appetite for further development.
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