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CHAPTER I
INTRODUCTION

People have observed the motion of planets for thousands
of years. For hundreds of years they have studied mofion of
other objects, Because of the increasing aspplication of tech-
nology in everyday 11ré, education in the sciences receives
greater emphasis, Students are taught to wonder about obser-
vations of nature., How can winds in a tornado develop such
high speeds? Why is the length of a day on earth constant?

Why does the rate of rotation of a skater increase as she pulls
in her arms? Such questions may be answered by an understanding
of angular momentum,

Angular momentum is an aspect of motion. Rotating bodiqs
are usually involved, Teaching the concepts of angular momentum
at the introductory level can be done in various ways. Many

illustretions and demonstrations are possible,

DEFINITION OF TERMS

The reader is presumed to be acquainted with much of
the terminology in this report. For completeness, however,
2 brief coliecticn of definitions of the basic terms which
will be used often is given below.

A scalar quantity is 2 quantity which has magnitude
only. Kinetic energy is one example,

A vector has both & ma;nituds and a direction. Examples



of vectors are force,'ﬁ, linear momentnm,'ﬁ, and angular
momentum,'fl An arrow above a symbol indica;es that it is
a vector,

Velocity, ¥V, is defined as the rate of change of dis-
placement, ¥, with time, t, |

T limit a¥,
vV = at»o 7T

v- 3

Speed is the magnitude of the velocity vector. Speed
is a scaler,

Angular velocity, &, is the rate of change of the positive
angle theta, @, with time and is directed along the axis sround
which @ changes. The direction of iJ is the direction in which
a right hand-s-crew would advance if turned in the direction
of the changing angle as in the figure below,

A®

Figure showing direction of angular velocity vector.
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The magnitude of the angular velocity, or sngular speed,
w, is defined as,

_ 1imit AQ

W = At-0 1T

_ de
w =2,

The momen'b of inertia, I, of, a point mass, m, rotating
ebout a fixed axis is defined as the product of the mass times
the square of the distance, r, to the axis of rotation,

I = mr?,
The moment of inertis, I, of a body is the stm of the :
moments of inertia of each individual particle making up the body,
I= ;mi "1;-2.

Linear momentum, B, is defined as the product of the

mass of a particle times its velocity,
$ = mv.
Force, f;, is related to the time rate of change of linear

momentum according to Wewton's second law as,

F- 3.

The moment of force is defined as the vector cross product

of the radius vector, ¥, from a point and the force vector,
moment of force = T x F.
The moment of force is called torque, 3',

T=FxF.

The moment of momentum is the vector cross product of



the radius vector and the linear momentum vector,
moment of momentum = P x B.
Angular momentum, f; is defined as the product of the
moment of inertia and the angular veloecity, @,
i=1a
Angular momentum is also defined as the cross product of the
radius vector and 1inéaf momentum vector,
| T=%zx7%
Torque may be shown to be equal to the time rate of
change of angular momentum by use of the above definitions and

Newton's second law,

T-&

Precession is the gradual movement of the angular momenbtum
vector resulting from an applied borque, If the torque is
perpendicular to the angular momentum, the change in angular
momentum is also at right angles to the angular momentum, This
causes thelmagnitude of the angular momentum te remain unchanged
but causes the direction of the sngular momentum vector to
change in space.

Rotational kinetic energy, E, .. is defined zccording
to the fellowing equation,

Erot = ¥;°?'



THE PROBLEM

The purpose of this study is to answer the following
questions:

1. What methods of instruction, illustrations, and
demonstration materials have been.used in the teaching of the
concept of angular momentum at the introductory level?

2., What changes over the years have resulted in the
methods and materials used?

TIEELIHESS OF THIS PAPER

This paper is pertiPant because of the variation of
methods available in teaching angular momentum, The author
has undertaken fhis study to determine what is being and has
been used by educators and to summarize the instruction tech-

-

niques in one paper,
PROCEDURE EMPIOYED IN THE STUDY

The author collected his information for this report
from available literature. The materials are organized in
such a way as to be able to answer the questions stated in
the problem,



CHAPTER II
METHODS OF INSTRUCTION, ILLUSTRATIONS, AND DEMCNSTRATIONS
USED IR TEACHING ANGULAR MOMENTUM

Various methods of instruction are used in teaching angu-
lar momentum, Numerous illustrations are available., A varlety of
demonstrations have been found useful, Those presentéd in this
paper are such that have besn found to be of wvalue in use at the
intreductory level for the studentt!s first exposure to angular
momentum, Methods and materials used in advanced dynamies,
atomic structure, or quantum mechaniecs have not been included,

The theoretical treatment of anguler momentum at t%is level
is fairly straight forward, A great deal of varistion in teaching
of the theory does not exist. The following pages are devoted
especially to the illustrations and demonstrations used,.

During the late 1800!'s angular momentum was defined as
the moment of momentum. The moment of‘momentumnyas defined as
the product of mass and velocity times the perpendicular distance
from 2 roint to the line of travel. The principle of the con-
servation of moment of momentum‘was taﬁght in first year collegse

1,2 In more recent times, however, angular momen-

physics clagsses,
tum is usually defined differently. A rigid body rotating with an
angular velccity sbout an axis has an angular momentum given by
the product of the moment of inertia of ﬁhe body asbout the axis
and the angular velocity.> This definition seems to be more
suitable for further mathematical application,

Some of the most important and most general laws used in

physies are conservation laws, In particular, the stﬁdy of



conservation of angular momentum might be worthwhile. The

total angular momentum of a system is conserved.h Winens defines
angular momentum as stored angulasr impulse, He states that

since for every angular impulse there is another angular impulse
equal in magnitude and opposite in direction, the total angular
impulse stored in the universe must be zero. Therefore, the

5

total angular momentum in the universe is zero,

6

Anguler momentum is a vector. Angular momentum is defined

as the cross product of the radius vector and the linear momentum

7,8 A change of angular momentum is given by the product

vector,
of torque and time.9 If there is no external torque the angular
momentum must remzin constent, Thinking about the situstion
another way, angular ﬁumentum is distance times perpendicular
component of momentum. Since rate of c@angé of momentum is force,
the rate of'change of angular momentum isldistanc§ times the per-
pendicular component of force, The rate of chgnééfof angular
momentum equals torque., Thus for a stationary aﬁject to keep
from rotating the sum of toraues sbout a point must be zero.lo
Forces may be centrsal, A centrél force is one which is di-
rected along a line joining the centers of mass of two bodies and
thus produces no torgue on the system, When a force is central
the angular momentum relative to the center of force is a constant.
As an example, since the gravitational force of attraction of the
earth to the swn is centrel, the angular momentum of the earth

ki §

about the sun is constant, When a force is axial, the compo=-

nent of the angular momentum along the axis is constant.12

Vhenever the moment of inertia of a rotating system -



changes, one must examine whether there is conservation of
angular momentum or conservation of kinetic ensrgy. If no exter-
nal torques are present, angular momentum is conserved., Angular
momentum is proportional to the angular v@loéity. .Kinetie
energy is proportional to the square of the anguler veloeity,
Thus both cannot, in general, remain constant when the moment of
inertia changes.13 In general, if the radius of a rotating
object decreases tﬁe angular velocity incfeases.lh
The angular momentum of a rotating-body is not neces-
sarily parallel to the. angular velocity.lg’lb- Resnick cites
an sxermmle of the angular momentum vector of an unsymmetrical
rotating dumbbell whose bar makes an angle with the fixed axis
of rotaztion passing through its center of-mass.l?
In an article by Armstrong the suggestion is made that
changes in angular momentum should be defined in terms of ordi-
nary Wewtonian principles of forces énd reactioq?.la When writing
the analogous expression for Newton'!s second law he says authors
state torque is equal to the time rate of chenge of sngular
momentum, However, he says, this is nét always so, He states:
"Supposs that a vhesl was made by packing sand together
(say) and it was set rotating, no torgues acting. Supposse
that the send started to flake off, so that I was decreasing,
Yould w increase? Surely it would remain constant, For
the fact that pieces have come away is not going to affect
the motion of the remaining parts.®
It should be remembered, however, that if the total system is
considered, the snmuler momentum remains constent, In the above

exarple the pieces that have come away from the wheel could

5till be considered ss part of the systenm,



An early illustration of the use of angulsar momentﬁm,
although not stated as such, was given by Arnott in 1833. Hs
cites the example of a flywheel used to equalize the effect of

20

en irregular force, In a recent physies text such a use of

conservation of angular momentum was illustrated, A flywheel

is used to maintain constant speed of rotation of a motor.21
In 1916 Arnold ssid that angular momentum is the principle

which is taken advavtage of to hold the Brennan motor-rail car

in an upright position., He said it is also the principle of

the Sperry stabilizer used in boats and aerﬁplanes.az

A demonstration often used is thgt of a student onba
furntable. He atands with arms extended and a weight in each
hand, He is given a small angular speed. As he lowers his
arms or pulls them in his speed increases greatly.” Since engular
momentum is conserved, the decrease of moment of inertia neces-
sitates higher angular velocity(zB’zh .

In a situation similar to the previous one a mechanical
apparatus is used, It consist; of tw& weights free to slide
on a horizontal rod that can rotate about a vertical axis., The
system is set into rotation with the weights at the ends of the
rod. The weights are then pulled toward the center by strings
that pass over pulleys to a handle held at the center above the
rod., As the radial distance of the weights decreases, the

angular speed of the system increases.25’26

In another similar
apparatus two metal spheres are mounted on the ends of thin

metal rods, The rods are pin-hinged at the lower ends, enabling



10
them to move in a vertical plane., The rods are supported by
two thin strings which are held on the main axis by a clamp
stand, The spheres are set at a particular distance apart by
adjusting the support, The system is set into rotation and the
period of rotation is timed., The moment of inertia is then
changed by raising or lowering the support. The rotation rate
is again measured. Caléulations show that within an error of a
few per cent the angular momentum remains constent. The appa-
ratus is suitable for use in a guantibative experiment.27

The student on a turntable with a bicycle wheel offers
a good demonstration, The student stands on a turntzble and
holds before him the front wheel of a bicycle, The wheel has
hendles on both ends of its axle., The wheel is held in a ver-
tical plane passing through the axis of the turntable, II the
student spins the wheel no rotation of the turntable results,
If he then turns the spinning wheel into a horizontal plane, he
will rotate in the sense opposite to the spin of the wheel,
Turning the wheel over through-iSO deérees reverses his direction
of motion, Bringing it back to the vertical stops him. If he
starts the wheel while it is held in a horizontal plane, he
acquires equal and oprosite angular momentum, In this case the
two momenta can be shown to be equal by the faect that the student
stops rotating if he turns the wheel to a vertical plane while
it continues to spin or if he stops it while it is in a hor-

28-30 p; electric drill may be used instead of

3l

izontal plane,
a bicycle wheel but less spectacularly,
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It is interesting to demonstrate that angular momentum
is a vector quantity that may be moved from place to place.

The student stands at rest on a turntable. An assistant hands
him a bicycle wheel spinning rapidly about a vertical axis.

When the student tuzné the wheel over he geins an angular velog-
ity. EHe then hands the wheel back to his assistant, The as-
sistent fotates the axis through 180 degrees and returns it to
the student on the turntable, The angular momentum of the student
is doubled when he turns the wheel over a second time, Addi-
tional angular momentum may be given to him by repeating the
process, 1T the assistant does not turn over the wheel one

time but turns it over each time thereafter the process becomes
subtractive, The angular velocity of the student decresses to
zero, He then starts in the other direction., Similarly, six or
more transfers of angular momentum may take place with a single
spin of the wheel.32 ) '

In another demonstration the student stands on the turn-
table and swings a baseball bat: Asfﬁﬁa'bat is given angular
momentum in one direction the student and turntable acquire
equal angular momentum in the opposite direction.33

Conservation of angular momentum may be shown byrmounting
a circular track on a bicycie wheel free to rotate about a
vertical axis., A toy locomotive and & car with weights are run
along ths track, The track moves in the opposite direction.

By changing the loading of the train, it is possible to control.

the velocities of both train snd track relative to a given
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fixed point,3
The principle of conservation of angular momentum may
be used effectively by some without their knowledge of the
principle, A diver can control his angular velocity by control-
ling the curvature of his br.nd}vf.?'5 A circus performer makes

similar use of the principle.3 6

A gymnast swinging around on
a2 horizontal bar can change his angular velocity by drawing
up his knees during moti.on.3? In a manner similar to a student

on a turntable, a ballet dancer38 39

or figure skater~’ may start
a spin with arms extended and then bring them in close to har
body to increase angular speed., A cat, through the use oé
angular momentum conservation may execute a turn in midair.h'o"l'l
When a moving skater catches the hand of a stationary skater,
the first skater will have an angular momentum equal to the
product of his momentum times the shortest distance between
the two skaters if the second skater remains sta;tionary.h‘z
Because a torque is needed to cause a change of angular momentum,
the rotation of the wheels help-s maintain the balance of a
bicycle.""B It is easier to learn bto ride ‘a bicycle with large
wheels rather than small ones because of the greater angular
momentmn.hu'

Because the angular momentum of a rotating body remains
constent in both magnitude and direction in the absence of
external torque, conservation of angular momentum preserves

the constant tilt of the polar axis of the eaa.ri:l:t.hg’]"'6 The
rotation rate of the earth is also constent. BEven though
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tides produce frictionel forces, the change in the length of an
average day produced by tides is only a small fraction of a
second each cantury.h7

The constency of direction of angular momentum may be
shown by a spinning gyroscope, The gyroscope is supported in
gimbals providing freedom of motion about three mutuzlly per=-
pendicular axes, If thé axis of the spinning gyroscope is set
in any direction, it will maintain that direction while the
stand on which it is supported is moved along a devious pai:h.l"B

Under proper conditions, gyroscopes may be shown to
precess, Most of the phenomena of precession may be shown
with a bicycle wheel equipped with handles on both ends of its
axle, The wheel is given a spin by hand. One handle is then
slipped into a loop of string for support. UWhen the other handle
is released, the wheel precesses sbout a vertical axis, AT the
same time its horizontal spin axis descends to become somewhat
vertical, ' If a force is applied to the unsupported end of the
axle in an attempt to acceleraée the ﬁrecéssion, the center of
gravity rises, As the wheel spins ﬁore slowly, the wheel pre-
cesses more rapidly, The precession may be made more rapid by
adding a weight to the unsupported end of the axle. If the
opposite end of the axle is supported in the loop of string
while the wheel spins in the same direction, the direction of
precession will reverse, From these phenomena, a few of the

rules of gyroscopic motion may be deduced, Included are such

rules as the relation between directionsg of spin, torque, and
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Precession and the relation between the ﬁagnitudes of spin,
torque, and precession.ug A discussion of precession and
vectors involved is given by such authors as ﬁlack,so
Mccormick,51 Benham,52 and othera.53'56 The magnitude of
precession is given by the magnitude of the torque divided by
the magnitude of the angular zr:.\cmle::.1:11!.1:.57’58
Others have‘published articles dezling with gyroscopes
and their motions, Sheldon uses the example of the gyrocompass.s9
Fufford describes the use of a Ford speedometer sttached to a
cylinder to measure its angular spead.60 Eaton describes a
method of construction of a large demonstration gyroscope.
The rim of a bicycle wheel’ is weighted and used. Such an
apparatus may be used to illustrate a2 turn indicator and ship
stabiliZer.61 A similar large scale gyroscope has been described

" by Dosso and Vidal.52

A demonstration used to stimulate interest
involves first securing in a suitcase a large massive wheel
driven by a battery powered motor. A volunteerria then asked to
turn the suitcase as repidly as he caﬁ.63

The earth is not a perfect sphere., Therefore torques
provided by the moon and sun cause precession of the earth's axis

€l

Hutation of a gyroscope is discussed by Feynman, With a

of rotation. The precession period is about 26 000 years,

small gyroscope, however, this form of motion is difficult to
observe of demonstrate because it darmps out quickly due to
friction in the gimbal bearings., Nutation may more easily be
65

observed using a large massive sheel spinning more slowly.
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Some examples of effects produced by rotating bodies are
included in introductory physics texts., ©Smith states that an air-
craft with & single propeller acts like a gyroscope when trying
to turn.66’67 One form of heliccpter has two propellers that:
rotate in opposite directions to keep the sum of angular mcmentum
equal to zero.68 Some helicopters use small propellers at their
tails to keep from rotating about a vertical axis during
rlight.69'7o This last example is not a case of gyroscopic effect.
The frictional torgque of air on the large propeller is made
equal and opposite to the torque produced by the smell propeller.
Angular momentum finds a place in planetary motion.
Conservation of engular momentum requires a plenet to mov; in
an elliptical orbit sbout the sun.71 For a planet's orbit a
certain velocity is required for a given distance from the sun,
A planet therefore cannot fall into the sun, To do so would
require a greatly increased speed. Because gravitational energy
is not great enough to produce the necessary kiﬂetic eﬁergy
increase, this process is forbidden by conservation laws.72
Because the direction of the aﬂéular momentum vector is constant,
2 planet's orbit must lie in a plane.?3
A low orbit earth satellite experiences some air
resistance, The friction produces torque and the angular momen-
tum decrezses. Thus the radius of the orbit also decreases,
Since the satellite moves closer to the earth, the potential
energy decreases and the kinetic energy inecreases. The
[ S

satellite's speed, therefore, also increases,

Preier introduces an interesting spplication of anguler
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momentum, The solar system has a tremendous quantity of angular
momentum about the sun, Many theories of its creation met their
downfall in failing to satisfy the law of conservation of
angular momentum.75

Kepler's law of equal aress is a special case of the law
of conservation of angular momentum, Th; area of a triangle
swept out by a planet in a given time is approximately halfl
the radius of the orbit.times the perpendicular component of
velocity, ZXepler observed equal areaé were swept out in equal
time intervels, Multiplying by twice the mass of a planet
results in a term equal to the angular momentum of the planet,
Thus the sngular momenbtum during one time interval is equal to
that during any other, The total angular momentum of the planet
end sun system and, thus, of the solar system is cénserved.Té’??

Angular momentum is conserved in a collision., Freier
deseribes a useful demonstration apparatus, Ball A swings as
a bifilar pendulum. At the lowest point of the-swing it strikes
en identical ball B, A stops while B turns freely about a ver-
tical axis and strikes A again.bn the back side. B then stops

end A completes its swing.7a

A two particle collision must
take place in such a way that the plane of the trajectories
after collision is the same as the plane of the trajectories
before collision.79

Some other examples illustrating the conservation of
sngular momentum are given by #arious authors, Kolin says a
man walking on the earth produces a slight change in the earth's

60

rotation. When fired, a rifle rust acquire an angular
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momentum equal and opposite to that imparted to the bullet
81

inside the muzzle, Gamow suggests & possible method of turning
a space ship, Mount a wheel on an axis perpeﬁdicular to the
axis of the ship., If the wheel is set to rotating, the ship
mast rotate in the opposite direction, When the ship has rotated
far enough the wheel is stopped. The ship stops rotating.82
A long projectile is given & rapid engular veloeity
about the long exis so that it will strike head on.83 Like-
wise, a football is given angular momentum when thrown., Some
rockets are fired in a similar manner.eu A torpedo maintains
its direction of motion through the water because of the
sngular momentum of the small engine which propels the torpedo
| through the water.85
Jones cites the principles used in driving a skidding
automobile. The principal external forces that act on the car
are frictional forces exerted on the wheels by éhe road, With
the brake released, these forces are nearly perpendicular to
the planes of the wheels, Suppbse the rear wheels are skidding
toward the right, The forces on them are toward the left. If
the front wheels are now turned toward the right the external
forces on the front wheels are directed toward the right and
backward, The resultent torque is such as to decrease the
angular mementum involved in the skid, Suppose the front wheels
are turned toward the left, The forces acting on the front

and rear wheels are more nearly parallel, Any torque they may

exert is rmuch smaller. Steering into the skid best uses the



18
external forces available for reducing angular momentum.a6

Angular nmomentum finds its use on the race track. The
flywheel in most American racing cars rotates counterclockwisze,
Race tracks are usually built so that only left turns are made,
As a car turns left, the torque on the motor acts in such a
way as to force the front of the car downward. The front wheels
dig into the road making the turns easier to execute.87

An apparatus has been described to demonstrate the
rotation of the earth. A beam, curved slightly downward in the
shape of a bowl and containing a small groove, is hung up hor-
izontally on a long wire., Two equal spherical masses may be
allowed to roll simultaneously from the ends of the beam éo the
middle. Since originally the beam is at rest relative to its
surroundings, it has a specific angular velocity for a given
latitude, When the masses are displaced the beam suddenly
assumes a new angular velocity due to its change in moment of
inertifa. The new sngular velocity will produce en easily
detectable movement relative to the surroundinga.aa’a9

Variation of the moment of inertia of the earth may

90

produce changes in the earth's angular valocity. During the

twenty year period from 1910 to 1930 the length of the day
chenged by 0,00l 7 seconds.gl If the interior of the earth
cools =nd shrinks the rate of rotation will increase sli@htly.gz
Building skyscrapers slcws the esrth’s rotation. Hountain
erosion increases the rotation.93
Conservation of angular momentum helps a tornado develop

high speed winds, As the rotating air mass is drawn closer to
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the center becamse of the low pressure, the radius decreases
rapidly, Conserwvation of angular nmomentum requires a corre-
sponding increase in epeed.gh

If while & mass on a string is rotating in a horizontal
circle the strimg is pulled dovn through a hole, angular momen=-
tum is conserved and the angular speed must increase.gs_gs In
this case sngular momentum is constant and kinetic energy in-
creases.99 If the maas.swings around a peg so as to wind around
it, kinetic energy remains constant and the angular momentum
decreases.loo’101

In one demonstration a wooden rod about two feet long
grooved spirally along its length like the threading on a shaft
is used. The pitch of the thread is not constant. Several
wooden rings of different size and color are placed on the
shaft, The rod is held vertically with the rings at the top.
When the rings are released they gravitate down the rod.

Since they have diffefent moments of inertia th;y move at
different rafes.loa

Another demonstration aﬁparatué uses a pie plate sus-
pended by three threads. The three threads are attached to a
single long thread supported overhead, A weight rests on a ball-
bearing screw arrangement about fifteen centimeters above the
center of the pie plate, The weight may gravitate spirally down-
ward, following grooves in the vertical screw, As it descends,
the welzcht acecelerates with a clockwise rotation as seen from

above., At the bottom of its descent, friction quickly brings the
weight to rest, The angular momenta of the weight and the pile



20
plate should be equal and opposite., Therefore, when the descend-
ing weight stops rotating, the whole system should stop.103

The tippe top is a small toy top., It cen be used in an
effective demonstration. If set down while sﬁinning, the top
turns itself over, If an arrow is painted on the top and the
top is spun on a flat surface, the top spins opposite the
direction of the arrow after inversion. Angular momentum is
conserved.loh

In another demonstration two eroquet balls are fixed to
strings and hung from a support, The balls are given a circular
motion zbout each other so that the string twists up. As the
redius decreases the speed increases, The conversse takes place
when the string untwists.105 In order to extend this demon-
stration, a string is prepared with loops at each end, 'hen the
system is completely wound up, it is stopped, and a loop is
slipped over each ball, When released the angular velocity
decreases as previously, but when the connectiné string becomes
taut, the moment of inertia becomes constant end the torque
from the supporting strings caﬁaas an increase in angular
velocity.106

Elliptic motion with conservation of angular momentum
may be denonstrated, TUnder certain conditions a steel ball
reclled in a glass funnel will deseribe an ellipiic motion,
Except for frictionel losses, energy is also conserved.lo7

An spparatus consisting of a six inch diameter wooden

disk suprorted by a loop of string pessing through two holes

drilled on either side of the center of the disk may be used
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as a demonstration spparstus, The string is twisted a few
turns, and then by properly timed pulls the disk is set revolving
at high speed about a horizontal axis, It revolves first in one
direction and then in snother. While the disk is spinning the
string may be swung in almost any manner without changing the
direction of the disk's axis.loa

A pocket watch may be suspended by its ring from a nail
filed to a sharp edge, The periodiec changes of angular momen-
tum of the balance wheel necessitate equal and opposite changes
in some other body. If the period of the watch swinging &s a
pendulum from the nail is spproximately equal to the perigd
of the balance wheel, a large amplitude of swing of the whole
watch results, If the watch is placed face down on a very
smooth surface it also oscillates through a small angle, The
motion may be made more visible by reflecting a beam of light
from a small mirror mounted on the back of the watch.109

An apparatus using two circular masses with thelr axes-
comected by a spring from a wiﬁdaw cﬁrtain roller may be used
in a demonstration illustrating rotary action and reaction,
The spring is wound by turning one mass, Both messes are then
released simultaneously, The masses acquire opposite rotations,
Each gains anguler momentum opposite that of the other.llo

A demonstrator may turn himself completely around on a
turnteble while always maintaining zero net angular nomentum,

To do so he extends his arms, executes a turn to the left,

retracts his arms, executes a turn to the right, and repeats
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the process a number of times.lll

Baseballs may be thrown or caught at arm's length by a
student as he stands on a rotating turntable while his assistant
stands on the floor. Each throw or each catch by the same hand
increases the angular momentum of the student. He may decrease
it or start himself in the other direction by catching the
balls or throwing them with the other hend,ll2

Sutton describes a demonstration spparatus used to
illustrate the method of how to work up in a swing, A similar
apparatus uses an elsctronically operated swing.113

An early type of steam engine may be represented by a
cylindrical boiler pivoted on a vertical axle, Four tubes
emerge from the boiler, Each has a nozzle directed tangentially,
Steam is generated in the boiler and escapes through the nozzles.
The boiler is set into rotation. The angular momentum of the
steam equals that of the bbiler.llh )

A 13&5 sprinkler illustrates conservation of angular
momentum, In a similar manner; a tali tin can may be set on a
float or supported by a thread, Two tubes emerge from the can
near the bottom, IThe tubes are placed at opposite ends of a
diemeter and bent in the same sense at their ends, ¥When the
can is filled with wster, the Qater leaving through the jets
imperts angular momentum to the can.ll5

One demonstration may be used to show that angular

momentum may be transferred by friction, A gyroscope is pivoted
on a2 verticsl axis in a balenced framework that is supported
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by a thread. The gyroscope is given a spin and the framework
released, As the wheel gradually slows down because of friction,
the framework as a whole takes up rotation with conservation
of angular momentum.116

Several new techniques for demonstrations and experiments
have been suggested, Hecht has suggested using shadow préjee-
tions for collisioﬁ experiments.ll? A simple spring gun described

by Ricell8

has been used to shoot steel balls into a plastic
bottle attached to the end of a plate which is frese to rotate
about a fixed vertical shaft, The object of the experiment is
to compare the angular momentum of the ball relative to the
fixed shaft before collision with that of the rotating system
after the ball is caught in the bottle.’? The rotational
speed of the system may be measured by use of an impact timer
which strikes pressure sensitive tape applied to the rim of

120

the plate. Multiple exposure photography has been used.

In one example a photograph shows that a rotating freely moving
wrench rotstes uniformly about-its center of mass.121 Air
pucks on tables provide dynamics experiments with very low
friction., Such equipment should prove useful in developing

fature angular momentum experiments.122’123
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CHAPTER III

CHANGES TN INSTRUCTION METHCDS

Until recent decades angular momentum received little
emphasis in introductory college physies courses, The book
authorized by Prince Leopold of Tuscaeny first published in 168}
contains four experiments with projectiles but contains nothing
else- involving mechanics.lzh 0f those college texts studied
by the author, none published prior to 1892 contained a defi~
nition or mention of angular momentum, The early 1900's saw
angular momentum being defined in some college physics te;ts.
Sheldon in 1926 stated the law of conservation of angular
momentum end introduced vectors to discuss precession of a
top.125 Later texts used more examples snd illustrations of
engular momentum, Few used vectors to any extent. The use of
vectors to define =nd introduce angular momentué in introductory
college physics texts came during the late 1950's., Since that
time and especially during the late 1§60's vector definitions
snd vector calculations have become much more established,

High school physics texts such as Modern Physics,126

Pnysics by the Physical Science Study Gommittee,127 end Project

128,129 45 not include angular

Physics by Harvard Project FPhysics
mementim as a specific topie in the regular texts,

T-a illustrations and demonstrations used in the teaching
cf anguler momenbum have not changed a great deal.- An early

denionstration was that of a men with outstretched arms on a
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rotating turntable. As the man pulls in his arms his angular
velocily increases, This demonstration is still one of the
most popular, As new and better equipment becomes available,
demonstrations and experiments have been developed using the
new types of apparatus, Some examples are the use of electronic
timers on pressure sensitive tape, air pucks and air tables,
and multiple exposure photographic techniques,

Vectors and mathematics increasingly dominate introductory
physies courses, Rather than rely on only qualitative dis-
cussions as was often done in early college physics texts,
specific numerical examples are used, More quantitative inter-
pretation is possible, ’

A resource letter published in the American Journsl of

Physics in 1965 makes several suggestions, The major portion
of the erticle is devoted to treatment of rigid body mechanies,
The author says an understanding of sngular mom;ntum is a pre-
requisite to such study. However, he points out that "there is
no necessity to attempt teachiﬁé rigid body motion in an intro-
ductory course."130 He says a thorough understanding of vectors,
ths formulas used to describe angular momentum, and their
limitations should be understood in order to study dynamics

of rotationel motion at the advanced 16?31.131
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CEAPTER IV

SULMARY AND COKCLUSIORS

The teaching of angular momentum at the introductory
level has progressed during the past century from & mere
definition of the term to a mathematical introduction using
various illustratisns. The basic illustrations and demonstra-
tions used have not varied or changed greatly. However, as |
new electronic and other materials for use in experiments and
demonstrations become available there is a trend toward a greater
use of them. The trend seems to be that as students gain better
understanding of and ability in mathematical abstractions in
the high school and elementary school, the methods used in
teaching of angular momentum are also becoming increasingly
more quantitative and mathematical,

Some demonstrations for use in the classéoom are worthy
of specisl recormendation. The student on a turntable with
weipghts in his hands may be used for sn easily observable
cualitative study of the change of angular speed with a change
of moment of irnertia,

The apparatus with a variable moment of inertia is suit-
sble for use in a quantitative study of angular momentum that
might be done in a laboratory period, A gun of the type described
previously which is used to shoot stesl balls inte a plastic
bottle attached to the end of a plate which is free to rotate

shout a fixed vertical sheft may be used as another quentitative
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laboratory experiment. In this experiment the sngular momentum
before and after a collision may be compared,

The student holding a weighted bicycle wheel while stand-
ing on a2 turntable offefs a good guelitative investigation of
the vector nature of angular momentum. The tippe top may be
used in a2 very simple demonstration of the eoﬁservation of
direction of the angular momentum vector.

Studies in precession lend themselves quite well to the
use of the weighted bicycle wheel, 'Such a wheel may slso bg

used to demonstrate gyroscopic effects,
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METHODS OF TEACHING ANGULAR MCMENTUM

The purpose of the report was to answer the following
Questionsz

1, What methods of instruction, illustrations, and
demonstration materials have been used in the teaching of the
concept of angular momentum at the introductory level?

2, What changes over the years have resulted in the

methods and materials used?

The report contains brief descriptions of the various
instruction methods, illustrations, and demonstrations u;ed
in teaching angular momentum, Demonstrations and illustrations
used in teaching angular momentum have not changed signifi-
cantly during past years. There is, however, & tendency toward
a more quantitative mathematical treatment of the subject.



