THE FLYWHEEL
REFERENCES

Most Introductory Physics texts (e.g. A. Halliday and R. Resnick, Physics;
M.Sternheim and J.Kane, General Physics).

INTRODUCTION

This experiment is an introduction to some basic
concepts of rotational dynamics. A fairly
realistic analysis of the motion of aflywheel can
be made, assuming only that the net frictional
torque on arotating flywheel is constant. In
performing this experiment, you will develop
understanding of:

® rotational dynamics;

® evauation of errorsin

measurements that may be

difficult to obtain;

. o ® estimation of ageometrically
v ' calculated quantity using

simplified models.

THEORY

The basic equations for angular motion can often be obtained simply from those for linear motion
by making the following substitutions:

U

Linear variables Angular variables

Force, F Torque, ©
Mass, m Moment of Inertia, |
Veocity, v Angular velocity, @

Angular Momentum, L

Angular acceleration, o

Momentum, p
Acceleration, a

ey

NB. The analogy needs to be treated with caution; e.g. | isnot a constant property of the body, asis
mass, since its value depends on the axis around which it is measured.

Thus Newton'sLaw, F = ? _dmy) _ m &, becomes © = % _d( o) _ | @.

(In words, the angular acceleration of abody is directly proportional to the torque applied to it,
and inversely proportional to the moment of inertia of the body about the relevant axis).
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The moment of inertia, I, is determined by imagining that the body is divided into a number of
infinitesimal elements of mass dm; each at adistancer; from the axis of rotation. The moment
of inertia| about this axisis given by the sum of all the products ( dm, r;?) calculated for each
element, | = X (8m, r;?) . If the body has asimple geometrical figure, e.g. a sphere, cylinder,
etc., | can bereadily calculated and results are tabulated for such bodies in the CRC Handbook
(availablein the lab) or in other first year physics texts (see Refer ences).

Thetorque © of aforce about an axisis given by the cross-product of the force F and the
distance from the axis of rotation F, i.e. F x F . (Think of opening a door - you are applying
a torgue whose magnitude equals the product of the force you apply and the distance from your
hand to the axis of the door).

Tosummarise: If abody isfreeto rotate about afixed

axis, then atorque, @, is required to change the rotational

motion of the body and an angular acceleration & will

result. The angular acceleration is proportional to the net

torque (and exists only during the time that the torque acts)

andisgivenby T =1 a&. | isaconstant of the body known

asits Moment of Inertia about the specified axis of rotation;

it depends not only on mass but also the distribution of T
mass.

THE EXPERIMENT

In this experiment a flywheel is so mounted that torques can

be applied to it by hanging amass M from the free end of a string, the remainder of whichis
wrapped around the axle. The torque due to theweightis T = Tr where T isthetension in the
string and r the radius of the axle. Because the bearingsin the flywheel are not frictionless, there
will be africtional torque exerted at the bearings equal to T, which will oppose the motion of
the flywheel. Suppose that the string is wrapped around the axle N, times and that amass M is
suspended from its free end and the system isreleased at timet = 0. The flywheel thenis given
an angular acceleration, o, and the mass M accel erates downwards with an acceleration equal to
re,.

If T isthetension in the string, then the net torque exerted on the flywhedl is:

The net force on themass M is
Mg-T=Ma=Mra,

Eliminating T one finds
ki

@y = () Mgr (1 - %) - &)
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It may be noticed that if the frictional torque, t;, is constant, then the angular acceleration of the
system, a,, isalso constant. With this assumption &, may be measured experimentaly; if t, is
the time taken for the string to unwind N, turns from the axle (i.e. the time taken for the mass M
to drop off the axle), then the flywheel will have rotated through an angle 2nN, radians in the
timet, and since 0, = a,t,%/2,

o, = 4nN,/t (2

If the flywheel is rotating without an applied torque it will decelerate under the action of the
frictional torque alone. Under this condition, equation (1) becomes
o, =- T/l 3

Then if it takesatimet, to cometo rest, and in this time turnsthrough N , revolutions, then the
deceleration «, (assuming constant frictional torque) is given by
o, = - 4N, /t,? (4

If the frictional torque in the bearingsis "reasonably" constant, the value of t; obtained by
plotting (1) should be consistent with the value obtained from equation (3). The quantity | is by
definition a constant and must be the same in equations (1) and (3). Thus, Equation (3) may be
used to independently determine T, /1.

POINTSTO CONSIDER

In this experiment you are essentially investigating equations (1) and (3) using a massive system
with little friction.

e Obtain data over as wide arange of values of applied torque as possible (torques up to 0.4
N-m are easily attainable). Also take some data at different valuesof r.

® Areyou sure you counted revolutions correctly? What methods of measurement did you use?
® Consider the effect, if any of the thread you use to suspend the weights from the flywheel.

® Equation (1) suggests that fitting of e, versus M gr (1-r .,/g) should be useful. At first sight the
error calculation may appear to be alittle daunting; however alittle thought will convince you
that the error in the latter term has only two significant contributions.

N.B. If using Faraday to do your fit, we strongly recommended that you use the massage and recalc
facility to calculate any quantitiesthat have long algebraic expressions; if you do the calculation of
these quantities at the fit stage, a computer glitch often causes printing problems.

® Y ou may find that the graphing of the data is best done on the computer; how good is the
linear fit ?

® The derivation of equations (1) and (3) assumes constant frictional torque (independent of

mass M and angular speed. Does your data justify this assumption? How would avariation in
frictional torque affect your graphs?
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® Y ou might try to estimate the value of the moment of inertia, |, for your flywheel by
considering asimplified model of its geometry and by looking-up | for rings, cylinders, rods,
etc. The material of your flywheel is steel and the total mass of its moving partsis 6.5 kg. A
rough estimate of the mass of the flywheel contained in the outer cylinder can be made by
measuring the approximate volume of the different parts.

(dh -- 1983, jv -- 1988, tk -- 1995,97,98)

Preparatory Questions.

Note:

We hope that the following questions will guide you in your preparation for the experiment you are about
to perform. They are not meant to be particularly testing, nor do they contain any “tricks’. Once you have
answered them, you should be in a good position to embark on the experiment.

In order to calculate the angular accelerations, &, and a, using Equations (2) and (4), you
need a measurement of thetime, t, it takesfor N revolutions. Obviously the errorsin t
and N are closely related. Think about a ssmple approximate way to take account of the
error in the values of the angular accelerations that you cal cuate using these equations
(Hint: you do NOT need to use the formulae for propagation of errors).

The flywheel can be considered to consist of three parts:

i ahollow outer cylinder
ii. asolid inner cylinder
iii. three spokes

The contribution to the overall moment of inertia of the flywheel is dominated by the
outer cylinder, whose massis 3 kg. If the length of the outer cylinder is 10 cm, itsinner
and outer radii are 9.6 cm and 9.9 cm respectively, calculate an approximate value for the
moment of inertia of the flywheel (all values are approximate, and may not correspond
very closely to the flywheel you use).

How does the value of ra,/g compare with 1, given that the radius of the largest axleis
approximately r = 3.2 cm, and that of the largest value of «, is given in the guide sheet.

What implication does your answer to question 3. have for the calculation of the error in
the expression Mgr (1-ree,/g) ?

Suppose that the frictional torque increased linearly with the load on the axis; what form
would you expect the plot of a; versus Mgr (1-r «.,/g) to take then?
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