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Foreword

This volume is one of the first to be produced by the
Nuffield Science Teaching Project, whose work began early
in 1962. At that time many individual schoolteachers and a
number of organizations in Britain (among which the
Scottish Education Department and the Association for
Science Education, as it now is, were conspicuous) had drawn
attention to the need for a renewal of the science curriculum
and for a wider study of imaginative ways of teaching
scientific subjects. The trustees of the Nuffield Foundation
considered that there were great opportunities here. They
therefore set up a science teaching project and allocated large
resources to its work.

The first problems to be tackled were concerned with the
teaching of O-Level physics, chemistry, and biology in
secondary schools. The programme has since been extended
to the teaching of science in sixth forms, in primary schools,
and in secondary school classes which are not studying for
O-Level examinations. In all these programmes the principal
aim is to develop materials that will help teachers to present
science in a lively, exciting, and intelligible way. Since the
work has been done by teachers, this volume and its com-
panions belong to the teaching professmn as a whole.

The production of the materials would not havc been possible
without the wholehearted and unstinting collaboration of the
team members (mostly teachers on secondment from schools);
the consultative committees which helped to give the work
direction and purpose; the teachers in the 170 schools who
participated in the trials of these and other materials; the
headmasters, local authorities, and boards of governors who
agreed that their schools should accept extra burdens in
order to further the work of the project; and the many other
people and organizations that have contributed good advice,
practical assistance, or generous gifts of material and money.

To the extent that this initiative in curriculum development
is already the common property of the science teaching pro-
fession, it is important that the current volumes should be
thought of as contributions to a continuing process. The
revision and renewal that will be necessary in the future, will
be greatly helped by the interest and the comments of those
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who use the full Nuffield programme and of those who follow
only some of its suggestions. By their interest in the project,
the trustees of the Nuffield Foundation have sought to.de-
monstrate that the continuing renewal of the curriculum -
in all subjects - should be a major educational objective.

Brian Young
Director of the Nuffield Foundation

/
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Introduction

This guide is a supplement to the Teachers’ Guide giving
details of the class experiments and demonstrations to be
done during the fourth year of Nuffield O-level physics pro-
gramme. It is of course written for the assistance of teachers
and is not intended for pupil use. It should be read in con-
junction with the Teachers’ Guide.

Reference is made in each experiment to the apparatus re-
quired. The item numbers refer to the numbers given to each
piece of equipment needed for the programme, full details of
which are given in the Nuffield Physics Guide to Apparatus.



Experiments in Year IV

Mechanics -

1

[\

10

11

Demonstration
Demonstration

Optional Revision
Experiment

Class Experiment

Optional
Demonstration or
Class Experiment
Class Experiment
Class Experiment
Demonstration

Demonstration

Optional
Demonstration

Class Experiment

ix

— Multiflash photographs of free
fall.

- Multiflash photographs of
motion down an incline.

— Tickertape technique:
investigating motion down an
incline. '

— Constancy of acceleration
when a constant resultant force
is applied to a mass.

— Acceleration which is not
constant.

— Rough experiments on accele-
ration.

— Quantitative experiments on
acceleration.

— Multiflash photographs of CO,
pucks being accelerated — 1.

— Estimate of acceleration using
a scaler as a millisecond timer.

— Demonstration trolley to
measure velocity and accelera-
tion.

— Mass and acceleration.
A simple test on the effect of
increasing the mass of object
accelerated using masses in
the ratio 1:2:3° pulled by
forces in the ratio 1:2:3.



12 Optional Class

Experiment (Buffer)

13 Oprional Extra
Demonstration

14 Demonstration
15 Demonstration

16 Class Experiment

17a Demonstration
17b Demonstration
18 Demonstration

. 19 Class Experiment

20 Demonstration

2la Optional
Demonstration

21o Optional
Demonstration

(Buffer)

22  Optional
Demonstration

23 Demonstration

24 Pupil Demonstration

X

— Acceleration with a fixed force
applied to one, two and three
trolleys respectively.

— Multiflash photographs of CO,
pucks being accelerated — 1I.

— Fluid friction and terminal
velocity.

— Frictionless motion: uniform
velocity.

— Feeling friction.

— Illustration of Newton’s first
law.

— Balancing forces without
friction.

— Galileo experiment on a rolling
ball.

— Rough estimate of g.

— Measurement of ¢ using a
scaler as a timer.

— Measuring g with electric stop—
clock.

— Estimate of g using pulsed
water drops with stroboscopic

illumination.

— Measurement of g with multi-
flash photographs of free fall.

— Rockets.

— Inertia shown with
pendulums.



25

26
27
28
29

30

31

32a

32b
32¢

33a
33b

34

35
36

37

xi

Pupil Demonstration — Mass exhibit.

Optional — Inertia: barge in a tank of

Demonstration water.

Class Experiment — The inertia balance (the ‘wig-

: wag”).

Optional — Inertia experiments.

Demonstration

Optional — Inertia demonstration with

Demonstration large trolleys.

Demonstration — Comparison of two one-kilo-
gram masses of the same
substance.

Demonstration — Comparison of two one-kilo-
gram masses of different
substances.

Class Experiment — Feeling a force of 10 newtons
by holding a kilogram.

Pupil Demonstration — Forces demonstration box.

Pupil Demonstration — Mass exhibit.

Demonstration — Test of newton balance by
pulling trolley.

Optional — Test of a newton balance.

Demonstration

Demonstration — Force of impact on floor.

Optional — Force used to kick a football.

Demonstration

Demonstration — Earth’s gravitational field
strength.

Demonstration — Bernoulli effects.



38 Class Experiment — Bernoulli experiment with
sheets of paper.

39 Demonstration — Bernoulli demonstration with .
water flowing through a tube.

40 Demonstration — Newton’s Third Law with a
metre rule. ‘
41a Class Experiment — Elastic collision of trolleys.
41b Class Experiment ~ Inelastic collision of trolleys.
42 Class Experiment - Adding mass to a moving
system.
43  Demonstration — Multiflash photographs of
‘ momentum interchanges.
44 Optional — Collision between long pendu-
Demonstration lums.
45 Demonstration — Collisions between balls.
46  Class Experiment — Explosion of two trolleys.
47 Class Experiment — ‘Inverse explosion’ with
trolleys.

48 Oprional Extra Class — Two dimensional collisions.

Experiment

49a Demonstration — Cloud-~chamber collisions.

49b Demonstration — Expansion cloud-chamber.

50 Optional Home — Collisions with coins.
Experiment

51 Optional — Collisions with electrostatic
Demonstration forces.

52 Demonstration — Head-on collision between

trolleys with magnets attached.



xiii

53 Demonstration — Illustration of Newton’s Third
Law.

54 Demonstration — The speed of a rifle-bullet by
momentum.

55 Demonstration = Speed of a rifle-bullet

~measured with a scaler.

56 Demonstration — ‘Guinea and Feather’ experi-

: ment.

57 Demonstration — Weightlessness.

58 Demonstration — Qualitative demonstrations of
kinetic energy.

59 Class Experiment — Qualitative experiments on
kinetic energy.

60 Class Experiment — Measurements with potential
energy changing to kinetic
energy. :

6la Class Exgeriment — Measurements with strain

' energy changing to Kinetic
energy.

61b Class Experiment — Energy changes with a trolley
started and stopped by cata-
pults.

- 62 Demonstration — Temporary use of kinetic
energy to move an object
across the table.

63 Demonstration — Massive pendulum to show
energy changes.

64 ' Class Experiment — Galileo’s pin and pendulum
experiment.

65 Demonstration ~ Galileo’s experiment on a roll-

ing ball.



66 Demonstration

67 Demonstration

Kinetic Theory
68 Demonstration

69 Oprional

Demonstration
70 Class Experiment

71  Demonstration
72 Class Experiment

73a Class Experiment

73b. Optional
Demonstration -

74 Class Experiment

75a Demonstration

75b Optional
Demonstration

76  Demonstration

77 Class Experiment

78 Demonstration

~ Looping-the loop.

— Inelastic collision:

disappearance of kinetic

energy.

— Model of atoms in a solid.

Xiv.

— Model of a solid using pupils.

— Model of a liquid.

— Three-dimensional kinetic

model of a gas.

— Two-dimensional kinetic

model of a gas.

— Model of Brownian motion
with a large marble added to

the tray of marbles.

— Model of Brownian motion,

using three-dimensional

model.

— Brownian motion of smoke in

air.

— Three-dimensional kinetic

model used to illustrate Boyle’s

law.

— Larger kinetic model to

illustrate Boyle’s law.

— Boyle’s law.

- Two-dimensional kinetic
model: effect of crowding.

— The barometer.



XV

79a Demonstration — Measurement of the density of
air.

79b Demonstration — Alternative method for rough
measurement of the density of
air.

80 Demonstration — Quick comparison of the den-

sity of air, water and mercury.

81 Demonstration - Model showing atmospheric
thinning higher up.
82a Demonstration — Pressure exerted by a stream
of balls.
82b Optional — Massive beam and anvil to
Demonstration show pressure exerted by

streams of balls.

83 Demonstration - Boyle’s Law.
84 Demonstration — The barometer.
85 Demonstration — Quick comparison of the den-

sity of air, water and mercury.

86 Optional - Weight-of water.
. Demonstration i

87a Demonstration — Measurement of the density of
air.

87b Demonstration — Alternative method for rough
measurement of the density of
air.

88 Filn : — ‘Chopper’ experiment to

measure gas molecule speeds.
89 Demonstration — Diffusion of bromine into air.

90 Demonstration — Diffusion of bromine into
vacuuin.



xvi

91a Demonstration — Change of volume: liquid air
to gas.

91b Oprional Alternative — Density of liquid air.

Demonstration
91c Alrernative — Change of volume: solid to
Demonstration gaseous carbon dioxide.
91d Optional — Change of volume: water to
Demonstration steam.
92a Demonstration — Longitudinal wave along a
slinky. :
92b Demonstration - — Longitudinal wave along a line
of ring-magnet pucks.
93a Demonstration = - Measuring the speed of sound.
93b Optional — Measurement of the velocity
Demonstration of sound.
94  Optional — Comparison of velocities of
Demonstration sound at different pressures
and in different gases.
95 Demonstration - Different densities of gases.
96 Optional - Diffusion experiments using a
Demonstration porous pot.
97a Demonstration — Diffusion of gases.
97b Oprional — Watching two gases diffuse.
Demonstration
98 Class Experiment - Random walk experiment.
99 Demonstration - Diffusion of bromine in air.
100 Class Experiment ~ Mean free path of marble in

a tray.



xvii

101 Oprional — Photograph of marbles in

Demonstration motion.
(Buffer)
102a Demonstration — Change of volume: liquid air
to gas.
102b Film — Change of volume: liquid air
to gas.
103  Demonstration — Simple molecular model.
104 Charr — Chart of molecular data for air.

Universal Conservation of Energy

105 Demonstration or ~ Converting mechanical energy
Class Experiment to heat.
106a Demonstration ~ Revision experiment, measur-

ing heat exchanges between
hot and cold water.

106b Class Experiment — Measuring heat.

106c Class Experiment — Measurement of heat - pro-
duced on burning 1 ml of
alcohol.

106d Class Experiment — Rough estimate of the specific
heat of aluminium.

106e Optional Class — Specific heat of aluminium.

Experiment

107 Class Experiment — Measurement of J.

108 Demonstration —~ Models.

109 Demonstration — Chart of methods and results

of experiments on J.

110 Demonstration — Comparison of the powers of
electric motors. :



xviii

111  Demonstration — Comparison of powers of
electric lamps.

112a,b Class Experiment  — Pupils measure their own
useful power.

112¢c Walichart — Human energy — food supplies
and activity demands.
112d Optional Extra —~ Working against a band
Experiment brake.
112e Optional Home ~ Output of power cycling up a
Experiment hill.
113 Class Experiment ~ The energy transfer box.
114  Class Experiment — The newton balance.
Electricity
115 Demonstration — Series and branching circuits.
116 Demonstration — The water circuit.
117 Demonstration — Electrolysis of copper sulphate
solution,
118 Demonstration - Electrolysis of water.
119  Demonstration — Demonstrations with capaci-
tors.
120  Demonstration — Lamp comparison.
121  Demonstration — Comparison of two different

electric motors running on the
same current.

122 Demonstration — Lamps in parallel.
123 Demonstration — Connecting a voltmeter
124  Demonstration — The water circuit.

125a Class Experiment — Use of the voltmeter.



125b Demonstration
126  Class Experiment

127 Optional Extra
Class Experiment

128 Demonstration

129a Demonstration or
Class Experiment

129b Oprional
Demonstration or

Class Experiment

129c Class Experiment
1294 Class Experiment
129e Class Experiment
129f Optional Class
Experiment

130 Demonstration

131a Class Experiment

131b Demonstration

132 Optional
Demonstration

133 Class Experiment
134  Number nor used

135 Number not used

— Voltmeter connections.

— Voltmeter as cell counter.

— Calibrating a voltmeter.

— Potential difference and elec-
tromotive force.

— Using a C.R.O. to show wave-
form of a.c. mains.

— Using a C.R.O. to show pulse
shape from the scaler.
— Using a C.R.O. to measure

short time intervals.

o Using a C.R.O. to display the
valve action of a rectifier.

—Using a CR.O. to show
acoustic wave-forms.

- Using a C.R.O. as a volt-
meter.

— Transformer.

- Experiment with a
transformer.

— The transformer.

— Demonstration experiments
with a.c.

— Examination of a.c. wave form.



XX

136 Number not used
137 Number not used
138 Demonstration ~ Introduction to voltmeter as a
cell counter.
139 Class Experiment — Ohm’s Law.
140 Oprional Class — Temperature change and
Experiment (Buffer)  resistance.
141 Optional : — Relationship between volts and
Demonstration amps for electrolytes,
(Buffer)
142 Demonstration — Voltage/current relationship
for a gas.
143 Optional Class — The effect of temperature
Experiment changes on conductivity.
144 Optional — The effect of heat on a ther-
Demonstration mistor.
- (Buffer)
145 Optional — The effect of heat on common
Demonstration salt and paraffin wax.
(Buffer)
146 Oprional ' — Current in a heated glass rod.
Demonstration
147 Optional — Conductivity of germanium.
Demonstration
148 Demonstration — The transistor.
149a Class Experiment ~ Measurement of power trans-
ferred with a lamp.
149b Class Experiment — Measurement of power trans-

ferred with a motor.



Xxi

150 Demonstration — Power of a fractional horse-
power motor.

151 Class Experiments — Measuring resistance with a
and Demonstrations voltmeter and an ammeter.
152  Optional Class — Fault finding.
Experiment

153 Class Experiment with — Calculation and testing of a
Demonstration resistance to make an arc work
from the mains.

154a Class Experiment — D.C. model power-line.
154b Demonstration - D.C. model power line at
higher voltage.
154c Class Experiment — Measurement of power  in
with Demonstration model power-line.
154d Class Experiment - A.C. power-line.

with Demonstration

155 Opiional Additional - Electrical measurement of the
Class Experiment specific heat of aluminium.

156 Optional Additional - Investigation of the light from

Demonstration a lamp.

157 Optional — Discussion of power wasted
Demonstration inside a battery.
(Buffer)

Electrons

158 Class Experiment — The diode.

159  Class Experiment ~ The diode as a rectifier shown

on the C.R.O.
160  Demonstration — Stream of electrons from a hot

filament casting shadows.



161

Demonstration

162a Demonstration

162b Demonstration

163

164

165

166

167

168

169

170

171

172

Demonstration

Optional
Demonstration

Optional Additional

Demonstration
Optional Extra
Demonstration
Demonstration

Demonstration

Demonstration
Film

Class Experiment

Demonstration

xxii

— Stream of electrons first shown
striking an inclined screen and
then being deflected in an
electric field.

— Fine-beam tube to show the
deflection of electron beam in
an electric field.

— Fine-beam tube to show the
deflection of electron beam
using alternating voltages.

— Fine-beam tube to show the
deflection of electron beam in

a magnetic field.

— Stream of electrons hitting a
metal plate and heating it.

— Stream of electrons from a hot
filament collected in a cylinder
inside a Perrin tube.

— Positive rays.

— Positive and negative ions
shown by a candle-flame in an

electric field.

— Ions carrying a current
through the air.

- ‘Macro-Millikan’ apparatus.
— Millikan’s experiment.

— Oscilloscopes used to show
acoustic wave-forms.

— The diode as a rectifier shown
on a C.R.O.
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Appendices

I Multiflash photography.
IT Processing films in the laboratory.
IITI Operating instructions for the demonstration oscillo-
scope.
IV Operating instructions for the class oscilloscope.
V Details on the operation of the scaler as a timing
device.
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1 Demonstration
Multiflash photographs of free fall

Apparatus

1 steel ball (1 in or  in diameter) - item 131A
1 camera — item 133
1 motor-driven stroboscope — item 134/1
1 lamp

1 metre rule — item 501

A 2% in slide projector is suitable for the lamp.

Procedure

The; motor-driven stroboscope is set up in front of the
camera. The ball should be strongly illuminated and the rest
of the room three-quarter blacked out.

The motor-driven stroboscope is set rotating. One pupil
should operate the camera whilst another drops the ball.
After a count-down, the camera-shutter is opened just
before the ball is dropped.

A dry cell to which a pea lamp is attached is an effective
substitute for the ball. The cell is dropped as before. Some
cushioning on the floor is necessary to prevent breakage of
the lamp. Good blackout is advisable for good photographs
with this technique.

The picture should include a metre rule so that, later, it may
be used in an estimate of ‘g’. The strobe frequency should
also be recorded.

the
See Appendix I at the end of this volume for details of, and
methods for, muitiflash photography. ‘



2 Demonstration
Multiflash photographs of motion down an incline

Apparatus

1 motor-driven stroboscope — item 134/1
1 lamp

1 steel ball (1 in or # in diameter) - item 131A
1 camera —item 133

1 runway ~ item 107

A 2 in X 2 in slide projector is suitable for the lamp.

Procedure

Set up a straight inclined plane. Allow the steel ball, which
should be well polished, to roll down this incline starting from
rest. A fall of about 1 ft in 6 to 8 ft will be found convenient.

Illuminate the ball by the lamp. Three-quarter blackout is
needed. Position the camera near to the lamp in such a way
that the ball can be conveniently photographed. Start the
stroboscope and open the shutter just before the ball is
released. Close it when the ball passes out of the field of view.

Note
See Appendix I at the end of this volume for details of,
and methods for, multiflash photography.

=

=




3  Optional revision experiment

Tickertape technique: investigating motion down
an incline )

Apparatus

16 dynamics trolleys - item 106/1
16 tickertape vibrators - item 108/1
16 runways - item 107

One set for every two pupils.

Procedure

The purpose of this experiment is to remind the pupils of the
tickertape technique used in Year III. They should tilt the
runway by placing blocks of wood or books under one end to
make a slope of about 1 in 10. The trolleys should be allowed
to run down the incline starting from rest and a tickertape
record obtained.

Each pupil should obtain his own tape and cut it into lengths
of ten ticks and paste up a chart (as in the Year III experi-
ments) to revise the earlier work.

See the Teachers’ Guide for discussion on the choice of a tape
chart rather than plotting a graph.




4 Class experiment

Constancy of acceleration when a constant
resultant force is applied to a mass

Apparatus

16 dynamics trolleys ~ item 106/1
16 tickertape vibrators ~ item 108/1
16 elastic cords for accelerating trolleys - item 106/2
16 runways ' — item 107

One set for every two pupils.

It is essential to have a plane runway, carefully compensated
for friction.

Procedure

This experiment repeats with more care the introductory
experiments of Year III on force and acceleration.

With a single piece of stretched elastic used to accelerate a

single trolley, a tickertape trace is obtained and the usual tape -
chart is made.

Film

Details of the use of vibrators and tickertape were given in the
. Year III Experiment Guide. Teachers might also refer to the
Nuffield-Esso film Experiments in Force and Motion where the
technique is explained. This film is intended for the use of
teachers and is not suitable for showing to pupils. It is obtain-

able on free loan from Esso Petroleum Company, Victoria
Street, London, s.w.1. :




5 Optional demonstration or class experiment
Acceleration which is not constant

Apparatus
1 or 16 lengths of chain (about 3 ft long)
1 or 16 tickertape vibrators — item 108/1

Procedure

The length of chain is placed on a smooth table so that it
is at right angles to the edge. The end is then pulled over the
edge until, on release, the whole chain slides. Then the hang-
ing portion pulls the rest, with increasing acceleration.

The experiment may then be repeated with a length of ticker~
tape attached to the chain so that a record is obtained.




6 Class experiment
Rough experiments on acceleration

Apparatus

a. 32 dynamics trolleys — item 106/1
48 elastic cords for accelerating trolley - item 106/2

b. 1 large demonstration trolley - item 160/1
1 demonstration spring balance (5 kg) - item 85

Procedure

These experiments are intended to be rough preliminary trials
done without any measuring instruments. Pupils should
acquire their own feeling for the fact that a relatively bigger
force gives things greater acceleration. And then with more
stuff to be accelerated, either a bigger force has to be used or
the acceleration is smaller.

a. Pupils should feel and see the general relationship between
force and acceleration by pulling a trolley with a stretched
elastic, but without tape. Then with two stretched elastics in
parallel and then with three.

Then pupils should pile one dynamics trolley on another and
try pulling on the double mass with a standard stretched elastic.

See Teachers’ Guide for a discussion on the purpose of this
experiment.

i . /




b. Additional optional de-luxe experiment.

As an addition, where the school has a large demonstration
‘playground’ trolley, the effect of increasing the force with
one pupil sitting on it should be shown first. Then repeat
with larger masses by putting more and more pupils on it. -




7 Class experiment
Quantitative experiments on acceleration

Apparatus

16 dynamics trolleys — item 106/1
48 elastic cords for accelerating trolleys - item 106/2
16 tickertape vibrators — item 108/1
16 runways — item 107

One set for every two pupils.

Procedure

This experiment asks for a careful set of measurements with
vibrator and tapes. The tape charts in Experiment 4 should
have made clear the constancy of the acceleration in one
sample case.

The pupils should now pull a trolley with a fixed force along
a friction-compensated runway with tickertape attached and
obtain tape records (one for each pupil). Since they know
from Experiment 4 that the acceleration is constant, they can
plot a velocity-time graph using only two points.

They should take a speed, represented by a length of tape
giving the distance travelled in ten ticks at an early stage, and
then another ten-tick length a known time later, say fifty ticks
from mid-time to mid-time of the two samples. They plot
these two speeds vertically on a graph against time hori-
zontally (measured in tenticks). They then draw a straight line
through the two plotted points, assuming constant accelera-
tion.

The pupils draw similar graphs when the trolley is pulled by
two elastic cords in parallel and, if time permits, also with
three.
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8 Demonstration

Multiflash photographs of CO, pucks being
accelerated - |

Apparatus

1 Edinburgh CO, pucks kit - item 95

1 CO, cylinder — item 19/1
1 dry ice attachment — item 19/2
1 camera — item 133
1 motor-driven stroboscope - item 134/1
1 lamp

A 2 in X 2 in slide projector is suitable for the lamp.

Procedure

The glass plate must be very carefully polished using methy-
lated spirit and duster (window-cleaning fluids may be used)
and carefully levelled using the wedges supplied with it.

Two or three cm? of solid CO, are placed underneath one of
the magnetic pucks. A white pointer is attached to the puck at
its centre, and the camera is set up at the side of the glass plate
so that it can photograph the pointer as the puck moves across
the plate. The pointer is illuminated by the lamp and the
stroboscope is placed near the camera.

The accelerating force in this experiment needs to be very
small and the lengths of elastic used with the trolleys are not
suitable. Instead a longer length should be used, one end of
which is attached to the top of the puck with Sellotape. The
stretch on this must be kept uniform. A convenient tech-
nique for this is to hold the end against a half-metre rule and
ensure that it is always the same distance from the puck.
Practice will result in fairly steady forces.

The stroboscope is started. The camera shutter is opened.
The puck is released.

‘Three-quarter blackout is essential for good photographs.

Note

1. See Appendix I at the end of this volume for details of
methods for multiflash photography.

2. When using CO, cylinders it is necessary to ensure
good ventilation.
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9 Demonstration

Estimate of acceleration using a scaler as a
millisecond timer

Apparatus

1 scaler - item 130/1
2 photo-diode assemblies with light sources - item 130/2
1 dynamics trolley ~ item 106/1
1 runway — item 107
3 elastic cords ~ item 106/2
1 card

1 stopclock or 16 stopwatches — item 507

Details of the operation of the scaler

These are explained in Appendix V at the end of this volume.
This should be read for instructions on the working of the
scaler as a timing device and on how to set it up for this
experiment.

Procedure

The trolley is placed on a friction compensated runway,
released from rest and accelerated by the stretched elastic.

A piece of cardboard either 10 or 20 cm long and 5 or 6 cm
high is fixed to the side of the trolley. The time of passage of
this card past a ‘station’ is measured by the scaler, which
counts the number of millisecond pulses that elapse while the
card is passing an illuminated photo-diode and cutting off the
light from it.

Two such stations are set up, one near the beginning of the
runway, the other near the end, the separation between them
being one metre. At each station there is a small lamp
illuminating a photo-diode with a beam of light across the
track. The length of the card, when divided by the clock-
reading gives a measure of the velocity at which the trolley

passes a station. This use of the photo-diode should first be
demonstrated.

The two photo-diodes are set up in series and connected to
the red terminals of the scaler. They are placed a metre apart
and positioned so that card on the trolley will interrupt first
the light to one photo-diode, then the light to the other.
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Both measurements of the time of passage at each diode can
be made in the same run provided there is time to read the
scaler between stations. This needs a good observer posted by
the scaler.

The overall time which the trolley takes to travel between the
two stations should be measured, not with the scaler but with
an ordinary clock. A demonstration stopclock can be used or
pupils can be given stopwatches for it.
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Notes

1. Like most experiments in which the scaler is used as a
clock, this measurement of acceleration takes little time once
the apparatus is set up and the principle is understood. So
teachers may prefer to set the experiment up and to let the
pupils take their own measurements in groups of two or more.

2. If the scaler does not appear to count correctly when the
light is cut off by the cardboard:

(i) try adjusting the relative position of lamp and photo-
diode to obtain maximum illumination of the latter;

(ii) try reversing the polarities of the photo-diodes, (a) with
respect to each other, and (b) with respect to the ‘make to
-stop’ sockets.

3. A convenient method of attaching the two lamps to the 2-3
V supply on the scaler is to use two short 4 mm stackable plug
leads. The photo-diodes can be joined by using one such
lead.
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10 Optional demonstration

Demonstration trolley to measure velocity and
acceleration

This is an additional de luxe experiment for those who
have the apparatus or can make it for themselves.

Apparatus
1 demonstration trolley - item 160/1
1 meter attachment — item 160/2

The meter attachment is a special device, recommended not for
general use but for the interest of setting it up and getting it to
work.

Procedure

The attachment to the trolley enables one wheel of the trolley
to drive a small permanent-magnet d.c. dynamo. The output
of the dynamo is fed to a millivoltmeter which will thereby
indicate speed. (As an exercise this could be calibrated
directly.)

Instead of connecting directly to the millivoltmeter, the out-
put is fed to the primary of a small transformer and the
secondary of that transformer is connected to the millivolt-
meter. The voltage. in the secondary will be roughly pro-
portional to the rate-of-change of the primary current, so that
the meter gives a measure of acceleration. (Once again pupils
could test whether the meter measures this quantity and can
attempt a rough calibration.)

Alternative experiment

An unknown weight, hanging over the edge of the bench,
may be used to pull a dynamics trolley with a spring balance
installed on the trolley to measure the pull. Such a ‘strang-
meter’ must be well damped and difficulties of construction
do not enable the technique to be recommended. By combin-
ing the ‘strangmeter’ with a meter attachment as described
above direct readings of speed, acceleration and pull could be
obtained.

See diagram opposite.
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11  Class experiment

Mass and acceleration. A simple test on the

effect of increasing the mass of object accelerated
using masses in the ratio 1: 2: 3 pulled by forces

in the ratio 1:2:3

In this experiment we suggest a special choice of forces and
masses, from which we expect to obtain the same acceleration
in each case. Therefore, detailed measurements are not
necessary : any timings that show the acceleration is (approxi-
mately) the same in all three cases will suffice.

Apparatus

32 dynamics trolleys — item 106/1
48 elastic cords — item 106/2
16 runways — item 107

16 tickertape vibrators - item 108/1

One set for every two pupils. When each group needs three trolleys,
it is suggested they borrow from their neighbours.

Procedure

For this experiment, pupils find out whether the acceleration
is the same in all three cases. Therefore, their analysis of the
tape need not be so detailed — in fact, a simple timing of the
motion from rest with a stopwatch would suffice, but for the
time being very short.

The runway is set up and compensated for friction. The
tickertape timer is set up at the higher end. A single trolley is
accelerated by a single strand of rubber in the usual way and a
trace obtained. From this trace, each pupil makes his own
estimate of acceleration. Measurements of two batches of
marks would suffice; or a full graph of speed against time may
be plotted.
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Two trolleys are then stacked on top of €ach other to serve as
a trolley of double mass, twice as much matter. The accelerat-
ing force is provided by two identical rubber strands in
parallel. The two rubber strands are each kept at the same
standard stretch and pupils assume that a double force is thus
provided. Again, each pupil draws a velocity-time graph and
estimates the acceleration.

Then pupils borrow a trolley from neighbours. Three trolleys
are stacked on each other and accelerated using three parallel,
identical strands of rubber.

It is necessary to arrange the friction compensation with the
tape in use and to readjust it anew for each mass. One might
expect the proper tilt to be the same for several trolleys as for
one; but in practice it often changes and, unless the com-
pensation is made carefully, the experiment does not go well.

For the essential argument in this experiment, see Teachers’
Guide.

f_
J
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12 Optional class experiment (buffer)

Acceleration with a fixed force applied to one, two
and three trolleys respectively

Apparatus

16 dynamics trolleys — item 106/1
16 runways — item 107
16 tickertape vibrators - item 108/1
16 elastic cords — item 106/2

One set for every two pupils.

Procedure

As in Experiment 11, the runway is set up and compensated
for friction and the tickertape timer set up at the higher end.
A single trolley is accelerated by a single strand of rubber in
the usual way and a trace obtained. From this, each pupil
plots his own velocity-time graph and estimates the accelera-
tion.

The same force is then used to accelerate two trolleys stacked
on each other and then on three trolleys. Each pupil plots
graphs and estimates accelerations and compares the results.



19




20

13 Optional extra demonstration

Multiflash photographs of CO, pucks being
accelerated - 11

Apparatus

1 Edinburgh CO, pucks kit - item 95

1 CO, cylinder —item 19/1
1 dry ice attachment — item 19/2
1 camera — item 133
1 lamp

1 elastic cord
1 motor-driven stroboscope - item 134/1

A 2 in X 2 in slide projector is suitable for the lamp.

Procedure
This is a continuation of Experiment 8 and the same pro-
cedure should be used in setting up the apparatus.

In the pucks kit, four pucks are provided, two are magnetic,
two are non-magnetic and made of brass. They are, however,
all of the same mass and can be stacked one on top of the
other.

First a single puck is accelerated and a multiflash photograph
taken. Then two pucks are stacked on each other and accele-
rated with the same force and photographed. Then three
pucks and even four pucks can be stacked and, in each case,
accelerated with the same force. In the case of three or four
pucks, the weight is such that there needs to be plenty of solid
CO, under the lowest one.

Note
See Appendix I for details of apparatus and methods for
multiflash photography.
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14 Demonstration
Fluid friction and terminal velocity

Apparatus

Glass tube, 30 in long, 2 in diameter (or more) - item 131F
motor oil

ball-bearing balls (7% in, ¥ in and £ in) — item 131G
chinagraph pencil — item 543
(Black maskmg tape can be used instead of the chinagraph pencil.)

Procedure

Fluid friction and the terminal velocity resulting from it were
seen in Year IT when styrocell beads were allowed to fall in
water. That experiment could be repeated here, though as a
variant this time it is suggested that steel balls should be
dropped in a glass tube containing motor oil (as light in
colour as possible). Glycerine is better, because it is clear, but
it is expensive. Medicinal mineral oil is clear but its viscosity
is too low for a satisfactory demonstration.

The diameter of the tube should be at least 2 in so that the
falling balls will not be too near the sides. The balls should be
placed in a small dish of oil before use so that each ball is
already oily and thus does not carry an air bubble with it.

The outside of the tube is marked at 10 cm intervals with a
chinagraph pencil or strips of black masking tape.

As the falling ball comes level vs}ith each mark, the teacher
claps his hands or gives some other signal. Stopwatches
should not be used. (See Teachers’ Guide.)

Special illumination is helpful. If the room can be partially
darkened, and if the oil is of a light colour so that it does not
absorb much light, the best illumination is a beam from a very
bright source directed vertically down the tube by a mirror.

Ball bearings of various sizes should be tried. To remove
them from the tube, a magnet can be used.

The bottom of the tube should be closed by some arrange-
ment which is not likely to give way under the influence of oil
and make a messy flood. The bottom may be a closed glass
end, preferably hemispherical, made by a glassblower. Or, it
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may be closed by a rubber stopper, but in that case the
stopper must be wired to the tube in some way that prevents
its oozing out. (If a glass tube carrying a stopcock is inserted
in the rubber stopper, to facilitate emptying, the tap of the
stopcock must be wired in to prevent accident.) Where there
is a glass end at the bottom, a piece of cloth should be sunk
to the bottom to break the fall of balls.

If a supply of (small) balls in a shallow dish of oil is left
beside the tube, pupils may try the experiment as they pass
by.

\
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15 Demonstration
Frictionless motion: uniform velocity

Apparatus
1 glass base plate — item 95A
4 wedges ~ item 95B
a. 1 block of solid CO,
b. 2 CO, pucks — item 95C
1 CO, cylinder — item 19/1
1 dry ice attachment - item 19/2
c. 2 CO, pucks — item 95C
polystyrene beads - item 10N
Procedure

By contrast with the previous experiment where the frictional
force was such that a terminal velocity was reached, a
demonstration of motion with negligible friction should be

shown.

1. A block of solid CO, (which may be very roughly a cube,
of size 10 to 20 cm), makes an excellent demonstration and is
worth the trouble one must take to obtain it. See note below.

The glass plate is carefully levelled and very carefully cleaned
with window-cleaning fluid. The block of CO, must have its
bottom surface polished by ‘ironing’ it to and fro on a thick
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flat sheet of metal. The block will then coast to and fro on the
plate almost without friction.

It is essential to level the glass precisely. Motion of a block
of CO, itself gives a more delicate test of levelling than any
ordinary spirit level. So this experiment must be tried out
beforehand and the glass levelled by inserting pieces of paper
and wedges,

This experiment is spoiled if water condenses on the plate.
(That is why a thick plate of aluminium is better than glass, if
it is available.) The block of CO, must not be allowed to wait
long on any one region of the glass. If an infra-red lamp or
similar heating device is available to warm the glass plate,
that should be used. The heating of the classroom and the
opening of windows should be adjusted according to the
weather to give as low relative humidity as possible.

In addition to the danger of condensed water, dirt on the glass
. surface will spoil the demonstration. If the glass is not fresh
and clean, it should be given several cleanings with special
glass-cleaning fluid. If absolute alcohol is available, a final
washing with that may be helpful, but in many cases the
alcohol that is available leaves traces on the glass that do more
harm than good.

2. Or: If it is not possible to show a large block, then the ring
magnets from the pucks kit can be used once again. With
about 2 or 3 cm® of solid CO, underneath they provide a good
demonstration. The CO, cylinder and dry ice attachment will
provide sufficient solid CO.,.
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3. Or: If neither of the above is possible, the glass plate should
be thinly covered with polystyrene beads. Put the ring magnet
pucks on top of them and they will move with very little fric-
tion. But these beads make a poor substitute for 1 or 2.

Note on solid CO,

It is so valuable for pupils to see some experiments with
plenty of solid carbon dioxide, particularly the large block
coasting on the flat glass sheet, that we urge schools to make
every effort to purchase solid carbon dioxide in bulk, from
time to time. It is not difficult to obtain the block if notice is
given to the suppliers a week or two beforehand. It is sent by
_ rail and the cost is not great. This is not a material that is
difficult or expensive to obtain. Details are given in the
Nuffield Physics Guide to Apparatus.
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16 Class experiment
Feeling friction

Apparatus
Bricks or books.

Procedure

1. To feel friction for himself, each pupil should put a hand
loosely on the table, palm down, and drag it along the table.
Then he gets a neighbour to drag it along - that helps to
concentrate attention on the forces at the surface.

2. Now using the skin as the table-top, the pupil places his
hand, palm up, on the table-top and puts a heavy load such as
a brick or a pile of books on his upturned hand. A neighbour
drags the load along.
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17a Demonstration
[Hustration of Newton’s first law

Apparatus

1 large plank — item 55A
1 crank assembly — item 55E
10 steel rollers — item 55D

2 demonstration spring balances - item 85
1 wooden brick

Procedure

Put rollers under the plank so that it can move freely on them
with very little friction. Keep the plank, from moving by
attaching it to a G-clamp at the end of the bench with a
horizontal string. Insert a spring balance which will measure
the force exerted on the plank — the stationary ‘floor’ — when
the brick is dragged along it.

Place the brick on the plank, attach a string to it connected to
a second spring balance and thence to a crank assembly. As
the brick is dragged along the plank by turning the crank,
pupils watch the readings of the two spring balances to see if
the two forces are equal.




17b  Demonstration
Balancing forces without friction

Apparatus

1 smooth plank — item 55A

10 rollers — item 55D

2 retort stands — items 503-504
2 bosses — item 505

2 clamps — item 506

2 demonstration spring balances — item 85

4 single pulleys on clamp — item 40

2 1-kg weights — item 32

1 weight hanger with slotted weights (10 gm) - item 31/1

Procedure

The two retort stands are stood on the plank to form a massive
trolley mounted on the rollers. Each stand carries one of the
pulleys fixed towards the base and a spring balance. A cord
from each balance passes under the pulley and over another
pulley clamped firmly to the end of the bench. Each cord
supports a 1-kg mass and the positions are adjusted so that
when one mass is on the floor, the other is almost at bench
height.

An additional mass is then added to the upper mass so that
the trolley moves on its rollers, quickly reaching constant
velocity. The additional mass should be such that the “trolley’
does not continue to accelerate and 50 gm is usually about the
value required.

For discussion see the Teachers’ Guide.
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18 Demonstration
Galileo experiment on a rolling ball

Apparatus

1 large ball-bearing ball (or large marble) - item 131A

1 flexible curtain-rail —item 119

2 retort stands - items 503-504
1 boss — item 505

1 clamp — item 506

2 G-clamps — item 44/1

The flexible curtain rail - see Nuffield Physics Guide to Apparatus
should neither be flimsy, nor unsymmetrical.

Purpose

This demonstration is to remind the pupils of the experimenf
already seen in Year III (Experiment 53a).

Procedure

The recommended method for supporting the curtain-rail
is to glue a 2-ft wooden lath (3 inch square) to each end of the
underside of the curtain-rail. One end is conveniently held
with a retort stand and clamp at a height of about 1 ft above
the bench. The other end can be held in another retort stand
or the teacher may prefer to hold it by hand.

The ball bearing is held at the top of one end of the curtain-
rail and released so that it rolls down one side and then up the
other.

As the curtain-rail is fléxible it can be tilted, to various slopes,
both equal and unequal. The ball can be released from each
end in turn to see if any difference occurs. The experiment
may also be tried with a horizontal length between the two
slopes.

As part of the discussion (see Teachers’ Guide), the demon-
stration should finish with the slope on one side and the other
side horizontal.

Note

It is very important for the support to be rigid if the experi-
ment is to be effective. There must not be energy losses
caused by the rail moving.
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19 Class experiment
Rough estimate of g

Apparatus

16 objects for dropping

16 stopwatches ~ item 507
16 metre rules — item 501
Procedure

Before going on to other methods, each pupil should make a
very rough estimate of g by measuring the time ¢ for an object -
to fall from rest through a distance s. Pupils may use a stop-
watch or even a clock (such as a short broomstick pendulum
making 1-second ticks). They should time as large a fall as
they conveniently can.

Pupils have met s = 1ar? and use this to calculate the rough
value of g.



20 Demonstration
Measurement of g using a scaler as a timer

Apparatus

1 scaler — item 130/1

1 ball-bearing ball — item 131A

1 release mechanism - item 131H

1 trip switch — item 1311

1 retort stand — items 503-504
1 boss — item 505
Procedure

For details of the use of the scaler as a timing device, see
Appendix V at the end of this volume.

The steel ball is held against the three-peg release mechanism.
Two of the pegs are connected to the red terminals of the
scaler. The ball makes electrical contact between the pegs so
that the two red terminals are shorted. When the ball is
released by hand, the scaler starts timing. (This simple
arrangement is better than a solenoid release mechanism
- which may introduce time delays.)

It may be preferred to have a string release for the ball as
shown. This enables the ball to be released from above
instead of holding it underneath the three-pin mechanism.



34

The ball is set up a metre or more above a switch as illus-
trated.

The terminals are also connected to the red terminals of the
scaler. On falling, the ball closes the switch which stops the
scaler, thereby giving the time of fall. It is probably easier
teaching if the arrival switch works the same way as the
release switch: that is, if the clock starts on a break and stops
on a make which the above switch provides.

Some may prefer to use a trip-switch as illustrated below,
which breaks a circuit when the ball hits it. If this is used the
terminals of the trip-switch arg connected to the green ter-
minals of the scaler. When the ball strikes the trip-switch,
the switch opens and stops the scaler.

The time is read for a measured fall. g can be calculated from
s = dar?,
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21a Optional demonstration
Measuring g with electric stopclock

If a school has a demonstration electric stopclock this could
be arranged so that pupils take it in turns to use it for a
measurement of g. Many teachers will also have other in-
genious ways of measuring g: these special devices are only
recommended where the teacher already has a device of his
own.
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21b  Optional demonstrarion (buffer)

Estimate of g using pulsed water drops with
stroboscopic illumination

This optional experiment is not recommended except for a
very fast group.

Apparatus

1 compact light source — item 21

1 motor-driven stroboscope (with 5-slit disc) — item 134/1

1 tickertape vibrator — item 108/1

1 large converging lens (focal length 10 cm, large - item 93B
aperture)

1 screen — item 102

1 constant-pressure apparatus — item 166

1 L.T. variable voltage supply — item 59

General Note

This shows a stream of water drops following each other at
equal intervals of time (1/50 second) in a parabola. The drops
are ‘frozen’ by stroboscopic illuminations as in the pulsed
water drops Experiment 67 in Year III.

In this demonstration a grid is added, so that the vertical
motion of the drops can be measured and used to obtain a
rough estimate of g. Since the pulses, which make the stream
emerge as separate drops, are made by an electro-magnet on
the a.c. supply, the time interval from drop to drop in the
frozen pattern <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>