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=/ Introduction

N

If you are studying physics for Cambridge IGCSE®, then this book is designed
for you. It explains the concepts that you will meet, and should help you
with your practical work. It is mostly written in double-page units
which we have called spreads. These are grouped into sections.

Sections 1 to 11 The main areas of physics are covered here.
At the end of each of these sections there is a revision summary
giving the main topics covered in each spread.

History of key ideas Section 12 describes how scientists have
developed their understanding of physics over the years.

Practical physics Section 13 tells you how to plan and carry out
experiments and interpret the results. It includes suggestions for
investigations, and guidance on taking practical tests.

Mathematics for physics Section 14 summarizes the mathematical skills
you will need when studying physics for Cambridge IGCSE.

Examination questions There are practice examination questions at the end of each
section (1 to 11). In addition, Section 15 contains a collection of some alternative-
to-practical questions.

Reference section Section 16 includes essential equations, units of measurement,
circuit symbols, answers to questions, and an index.

Core syllabus content Supplement syllabus content

If you are following the Core syllabus content, you  For this, you need all the material on the white pages,
can ignore any material with ared line beside it.  including the supplement material marked with a red line.

The Enhanced Online Book supports this student book by offering high-quality digital resources that
help to build scientific and examination skills in preparation for the high-stakes IGCSE assessment. If
you purchase access to the digital course, you will find a wealth of additional resources to help you with
your studies and revision:

¢ A worksheet and interactive quiz for every unit
* On Your Marks activities to help you achieve your best
e Glossary quizzes to consolidate your understanding of scientific terminology

e Full practice papers with mark schemes

Each person has their own way of working, but the following tips might help you to
get the most from this book:

¢ Use the contents page — this will provide information on large topics

e Use the index — this will allow you to use a single word to direct you to pages
where you can find out more.

e Use the questions — this is the best way of checking whether you have learned and
understood the material on each spread.

Questions are to be found on most units and within or at the end of each section.
Harder questions are identified by the blue circle.

Stephen Pople jii
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*Watch for this symbol, below and throughout the book. It indicates spreads or
parts of spreads that have been included to provide extension material to set
physics in a broader context.

For information about the link between spreads and the syllabus,
see pages Vii—X.

Syllabus and spreads vii
3.6 Pressure in liquids 70
o Measurements and units 3.7 Pressure from the air* 72
3.8 Gas pressure and volume 74
1.1 Numbers and units 12 Check-up 76
1.2 A system of units 14
1.3 Measuring length and time 16
1.4 Volume and density 18
1.5 Measuring volume and density 20
1.6  More about mass and density 22 4.1 Workand energy 80
Check-up 24 4.2 Energy transfers 82
4.3 Calculating PE and KE 84
4.4 Efficiency and power 86
4.5 Energy for electricity (1) 88
4.6 Energy for electricity (2) 90
. . 4.7 Energy resources 92
2.1 Speed, velocity, and acceleration 28 4.8 How the world gets its energy 94
2.2 Motion graphs 30
2.3  Recording motion 32 Check-up %6
2.4 Free fall 34
2.5 More motion graphs 36
2.6 Forces in balance 33 o Thermal effects
2.7 Force, mass, and acceleration 40
2.8 Friction 42 5.1 Moving particles 100
2.9  Force, weight, and gravity 44 5.2  Temperature 102
2.10 Action and reaction* 46 53 Expanding solids and liquids 104
2.11 Momentum (1) 48 5.4 Heating gases 106
2.12 Momentum (2) 50 5.5 Thermal conduction 108
2.13 More about vectors 52 5.6  Convection 110
2.14 Moving in circles 54 5.7  Thermal radiation 112
Check-up 56 5.8 Liguids and vapours 114
5.9 Specific heat capacity 116
5.10 Latent heat 118
Check-up 120
3.1 Forces and turning effects 60
3.2 Centre of gravity 62
33 More about moments 64
3.4 Stretching and compressing 66
3.5 Pressure 68
iv

This work must not be renroduced stored transmitted or circulated in anv other form



Provisioned to Campion Education (Aust) Pty Ltd on 22/01/2025 under licence.

e Magnets and currents

6.1 Transverse and longitudinal waves 124 9.1 Magnets 198
6.2 Wave effects 126 9.2 Magnetic fields 200
6.3 Sound waves 128 9.3 Magnetic effect of a current 202
6.4 Speed of sound and echoes 130 9.4 Electromagnets 204
6.5 Characteristics of sound waves 132 9.5 Magnetic force on a current 206
6.6 Ultrasound 134 9.6 Electric motors 208
Check-up 136 9.7 Electromagnetic induction 210
9.8 More about induced currents 212
9.9 Generators 214
a Rays and waves 9.10 Coils and transformers (1) 216
9.11 Coils and transformers (2) 218
7.1 Light rays and waves 140 9.12 Power across the country 220
7.2 Reflection in plane mirrors (1) 142 Check-up 222
7.3 Reflection in plane mirrors (2) 144
7.4 Refraction of light 146 . . .
7.5  Totalinternal reflection 148 @ Atoms and radioactivity
7.6 Refraction calculations 150
7.7  Lenses (1) 152 10.1 Inside atoms 226
7.8 Lenses(2) 154 10.2 Nuclear radiation (1) 228
7.9  More lenses in action 156 10.3  Nuclear radiation (2) 230
7.10 Electromagnetic waves (1) 158 10.4 Radioactive decay (1) 232
7.11 Electromagnetic waves (2) 160 10.5 Radioactive decay (2) 234
7.12 Sending signals 162 10.6  Nuclear energy 236
Check-up 164 10.7 Fusion future 238
10.8 Using radioactivity 240
10.9 Atoms and particles (1) 242
10.10 Atoms and particles (2)* 244
Check-up 246

8.1 Electric charge (1) 168
8.2 Electric charge (2) 170 .
8.3  Electric fields 172 @ The Earth in space
8.4 Current in a simple circuit 174
8.5  Potential difference 176 11.1  Sun, Earth, and Moon 250
8.6 Resistance (1) 178 11.2 The Solar System (1) 252
8.7  Resistance (2) 180 11.3 The Solar System (2) 254
8.8  More about resistance factors 182 11.4  Objects in orbit 256
8.9  Series and parallel circuits (1) 184 11.5 Sun, stars, and galaxies (1) 258
8.10 Series and parallel circuits (2) 186 11.6  Sun, stars, and galaxies (2) 260
8.11 More on components 188 11.7 The expanding Universe 262
8.12 Electrical energy and power 190 Check-up 264
8.13 Living with electricity 192

Check-up 194

This work must not be renroduced stored transmitted or circulated in anv other form



Provisioned to Campion Education (Aust) Pty Ltd on 22/01/2025 under licence.

@ History of key ideas

12.1 Force, motion, and energy* 268
12.2 Rays, waves, and particles* 270
12.3 Magnetism and electricity* 272
12.4 The Earth and beyond* 274

Key developments in physics 276

13.1 Working safely 278
13.2 Planning and preparing 280
13.3 Measuring and recording 282
13.4 Dealing with data 284
13.5 Evaluating and improving 285
13.6 Some experimental investigations 286
13.7 Taking a practical test 290

Check-up 201
vi

@ Mathematics for physics

The essential mathematics 294

@ IGCSE practice questions

Multichoice questions (Core) 298
Multichoice questions (Extended) 300
IGCSE theory questions 302

IGCSE alternative-to-practical questions 312

@ Reference

Useful equations 316
Units and elements 318
Electrical symbols and codes 319
Answers 320
Index 333

www.oxfordsecondary.com/complete-igcse-science

This work must not be renroduced stored transmitted or circulated in anv other form



o 7/ Syllabus and spreads

Below, is an outline of the Cambridge IGCSE syllabus as it stood at the time of
publication, along with details of where each topic is covered in the book. Before
constructing a teaching or revision programme, please check with the latest version of
the syllabus/specification for any changes.

IGCSE syllabus section Spread
1 Motion, Forces and Energy

1.3
1.1 Physical quantities and measurement techniques | 2.1
213
2.1
2.2
2.3
2.4
2.5
2.6
1.6
2.9
14
1.4 Density 1.5
1.6
2.6
2.7
2.8
1.5 Forces 2.14
3.1
3.2
34
Momentum 2.11
212

4.1
4.2
43
4.4
4.5
4.6
4.7
4.8
35
3.6

1.2 Motion

1.3 Mass and Weight

1.6

1.7 Energy, Work and Power

1.8 Pressure

2 Thermal Physics

3.8
5.1
5.2
5.4
Thermal properties and temperature 5.2
5.3
5.4
5.8
5.9
5.10
Transfer of thermal energy 5.5
2.3 5.6
5.7

2.1 Kinetic particle model of matter

2.2

vii
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IGCSE syllabus section Spread
3 Waves

General properties of waves 6.1
3.1
6.2
7.1
7.2
7.3
7.4
3.2 Light 7.5
7.7
7.8
7.9
7.12
Electromagnetic Spectrum 7.10
3.3 N
7.12

Sound 6.1
6.3
3.4 6.4
6.5
6.6

4 Electricity and Magnetism
Simple phenomena of magnetism 9.1
9.2
Electrical quantities 8.1
8.2
83
8.4
8.5
8.6
8.7
8.8
8.11
8.12
8.13
9.9

Electric circuits 8.4
8.5
8.6
43 8.7
8.9
8.10
8.11
4.4 Electrical safety 8.13

Electromagnetic effects 9.3
9.4
9.5
9.6
9.7
4.5 9.8
9.9
9.10
9.1
9.12
10.2

4.1

4.2

viii
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IGCSE syllabus section Spread

5 Nuclear physics
The nuclear model of the atom 10.1
10.2
10.4
10.6
10.7
10.9
Radioactivity 10.2
10.3
5.2 10.4
10.5
10.8

5.1

6 Space physics
Earth and the Solar System 11.1
11.2
6.1 1.3
114
11.5
Stars and the universe 11.1
1.5
6.2 11.6
1.7

Assessment for IGCSE

The IGCSE examination will include questions that test you in three different
ways. These are called Assessment Objectives (AO for short). How these
different AOs are tested in the examination is explained in the table below:

Assessment What the syllabus calls What this means in the examination

Objective these objectives
AO1 Knowledge with Questions which mainly test your recall (and
understanding understanding)
of what you have learned. About 50% of the
marks in the examination are for AO1.
A02 Handling information and prob-  Using what you have learned in unfamiliar
lem solving situations. These questions often ask you to
examine data in graphs or tables, or to carry out
calculations. About 30% of the marks are for AO2.
AO3 Experimental skills and investi- ~ These are tested on the Practical Paper or the
gations Alternative to Practical (20% of the total marks).

However, the skills you develop in practising for
these papers may be valuable in handling
questions on the theory papers.
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The end-of-section questions in this book include examples of those testing
AO1, AO2 and AO3. Your teacher will help you to attempt questions of all
types. You can see from the above table that it will not be enough to try only
'recall' questions.

All candidates take three papers.

The make-up of each assessment programme is shown below:

Core assessment

Questions are based on Core content.
Paper 1: Multiple Choice (Core), 45 mins Paper 3: Theory (Core), 1 hour 15 mins

There are a total of 40 marks available, worth There are a total of 80 marks available, worth 50%
30% of your iGCSE. The paper consists of multi-  of your IGCSE. The paper consists of compulsory
ple-choice questions. short-answer and structured questions.

Extended assessment

Questions are based on the Core and Supplement subject content.
Paper 2: Multiple Choice (Extended), 45 mins Paper 4: Theory (Extended), 1 hour 15 mins

There are a total of 40 marks available, worth There are a total of 80 marks available, worth 50%
30% of your IGCSE. The paper consists of multi-  of your IGCSE. The paper consists of compulsory
ple-choice questions. short-answer and structured questions.

Practical assessment
Students take either Paper 5 or Paper 6.
Paper 5: Practical Tests, 1 hour 15 mins Paper 6: Alternative to Practical, 1 hour 15 mins

There are a total of 40 marks available, worth There are a total of 40 marks available, worth 20%
20% of your IGCSE. You will be required to do  of your IGCSE. You will NOT be required to do exper-
experiments in a lab as part of the assessment.  iments in a lab as part of the assessment.

X
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Measurements

‘i

and units

PHYSICAL QUANTITIES
UNITS AND PREFIXES
SCIENTIFIC NOTATION
SI UNITS

MASS

TIME

LENGTH

VOLUME

DENSITY

An astronomical clock in
Prague, in the Czech Republic.
As well as giving the time, the
clock also shows the positions
of the Sun and Moon relative
to the constellations of the
zodiac. Until about fifty years
ago, scientists had to rely on
mechanical clocks, such as
the one above, to measure
time. Today, they have access

to atomic clocks whose

timekeeping varies by less

than a second in a million

years.

chapter 1 11



Objectives: to know that a physical quantity is a number and unit - to use
prefixes to make units bigger or smaller - to understand scientific notation.

N

Advanced units 0

5 m/s is a space-saving way
of writing 5 %

m 1
But S?equals 5m 5

Also, % can be written as s~

So the speed can be written

as5 ms .

This method of showing units
is more common in advanced
work.

Tables and graphs 0

You may see table headings

or graph axes labelled like this:

distance or distance/m

That is because the values
shown are just numbers,
without units. So:

If  distance =10 m

Then distance

—— =10

12

10m >-:

\
number unit (M is the symbol for metre)

When you make a measurement, you might get a result like the one above: a
distance of 10 m. The complete measurement is called a physical quantity.
Tt is made up of two parts: a number and a unit.

10 m really means 10 x m (ten times metre), just as in algebra, 10x means
10 X x (ten times x). You can treat the m just like a symbol in an algebraic
equation. This is important when combining units.

Combining units

In the diagram above, the girl cycles 10 metres in 2 s. So she travels
5 metres every second. Her speed is 5 metres per second. To work out the
speed, you divide the distance travelled by the time taken, like this:

speed = lg_m (s is the symbol for second)
s

As m and s can be treated as algebraic symbols:

speed:£.225ﬂ
2 s s

To save space, 5 % is usually written as 5m/s.

So m/s is the unit of speed.

Rights and wrongs

This equation is correct: 10 m

speed = ——=5m/s
2s
10

This equation is incorrect: speed = 5= 5 m/s

It is incorrect because the m and s have been left out. 10 divided by 2
equals 5, and not 5 m/s.

Strictly speaking, units should be included at all stages of a calculation,
not just at the end. However, in this book, the ‘incorrect’ type of
equation will sometimes be used so that you can follow the arithmetic
without units which make the calculation look more complicated.
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MEASUREMENTS AND UNITS

Bigger and smaller
You can make a unit bigger or smaller by putting an extra symbol, called a
prefix, in front. (Below, W stands for watt, a unit of power.)

prefix meaning example

G (giga) 1000000000 (109 GW (gigawatt)

M (mega) 1000000 (10°) MW (megawatt)
k (kilo) 1000 (10%) km (kilometre)

d (deci) & (107 dm (decimetre)

c (centi) 11% (1079 cm (centimetre)
m (mili) 10% (1079) mm (millimetre)
b (micro) 1001% (107 uW (microwatt)
n (nano) 1 (107°) nm (nanometre)

1000000000

Scientific notation
An atlas says that the population of Iceland is this:

320000

There are two problems with giving the number in this form. Writing lots
of zeros isn’t very convenient. Also, you don’t know which zeros are
accurate. Most are only there to show you that it is a six-figure number.
These problems are avoided if the number is written using powers of ten:

3.2x10° (10°=10 x 10 x 10 x 10 x 10 = 100000)

‘3.2 x 10 tells you that the figures 3 and 2 are important. The number
is being given to two significant figures. If the population were known
more accurately, to three significant figures, it might be written like this:

3.20 x 10°

Numbers written using powers of ten are in scientific notation or
standard form. The examples on the right are to one significant figure.

Q)

Powers of 10

1000 =10 X 10 X 10 = 10°

100 =10 X 10 =10°
0.1 :11—0 — 107
0.01 :11% :% — 102
0.001 :ﬁ:% =107

‘milli" means ‘thousandth’,
not ‘'millionth’

* You would not normally be
tested on micro, nano or
giga in a Cambridge IGCSE
examination (see also
yellow panel at the start of
the next spread, 1.2).

decimal fraction scientific

notation

500 5 x 10?

5 1
0.5 =

5 510

0.05 2 5x1072
100

0005 -2 5x1073
1000

41 How many grams are there in 1 kilogram? 5 Write down the following in km:
2 How many millimetres are there in 1 metre? 2000 m 200 m 2 %X 10*m
3 How many microseconds are there in 1 second? 6 Write down the following in s:

4 This equation is used to work out the area of a 5000 ms 5 % 107us

rectangle: area = length X width.
If a rectangle measures X m by 2 m, calculate its area,

and include the units in your calculation. 1500 m

Related topics: SI units 1.2; speed 2.1; significant figures 13.3

This work must not be renroduced stored transmitted or circulated in anv other form

7 Using scientific notation, write down the following to
two significant figures:
1500000 m

0.15m 0.015m
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1.2 A system of units

Objectives: - to know what S| units are — to know the units used for
mass, length, and time.

Mass Length Time
(¢
b oz A s hour
Y m
k mil mont
A line down the side of the 9 9 € dag h
text means that the ton ft mm <
material is only required for cwt km ge(lf
Extended Level.
* An asterisk indicates There are many different units — including those above. But in scientific
extension material, provided work, life is much easier if everyone uses a common system of units.
to set physics in a broader .
context. You would not SI units
normally be tested on this in Most scientists use SI units (full name: Le Systéme International d’Unités).
a CAIE IGCSE examination. The basic SI units for measuring mass, time, and length are the kilogram,

the second, and the metre. From these base units come a whole range of
units for measuring volume, speed, force, energy, and other quantities.

Other SI base units include the ampere (for measuring electric current)
and the kelvin (for measuring temperature).

Mass

Mass is a measure of the quantity of matter in an object. It has two effects:

@ All objects are attracted to the Earth. The greater the mass of an
object, the stronger is the Earth’s gravitational pull on it.

@ All objects resist being made to go faster, slower, or in a different direction.

A The mass of an object can be
found using a balance like this.

The greater the mass, the greater the resistance to change in motion.

The balance really detects the The SI base unit of mass is the kilogram (symbol kg). At one time, the
gravitational pull on the object standard kilogram was a block of platinum alloy stored in Paris. However,
on the pan, but the scale is there is now a more accurate but more complicated definition involving an
marked to show the mass. electromagnetic balance. Other units based on the kilogram are shown below.
/ mass comparlson with scientific pprOXImate size
base unit notation
1 tonne (1) 1000 kg 10° kg
medium-sized car
\
1 kilogram (kg) 1kg “="™ bag of sugar
m
1 gram (g) 1g = kg 10° kg I banknote
1 milligram (mg) —— T1oo g 100:)000 kg 10° kg )
Note: the SI base unit of mass is the kilogram, not the gram human hair

14
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Time

The SI base unit of time is the second (symbol s). Here are some

shorter units based on the second:

1 millisecond (ms) = _1 S
1000
. 1
1 = __
microsecond (ps) 1000000 S
1

1 nanosecond (ns) = 1000000000 S

To keep time, clocks and watches need something that beats at a steady
rate. Some old clocks used the swings of a pendulum. Modern digital
watches count the vibrations made by a tiny quartz crystal.

Length

The SI base unit of length is the metre (symbol m). At one time, the
standard metre was the distance between two marks on a metal bar kept
at the Office of Weights and Measures in Paris. A more accurate standard

=107s

The second was o1riginally 0

defined as EOXE0xT4
of a day, one day being the

—103s time it takes the Earth to

rotate once. But the Earth’s
rotation is not quite constant.

6
=10"s So, for accuracy, the second is

now defined in terms of
something that never
changes: the frequency of an
oscillation which can occur in
the nucleus of a caesium
atom.

By definition, one metre 0

is the distance travelled
by light in a vacuum in
of a second.

is now used, based on the speed of light, as explained on the right. 299 792 458
There are larger and smaller units of length based on the metre:
(distance comparison with scientific approximate size
base unit notation -
1 kilometre (km) 1000 m 10°m P e i
10 football pitches
.
o ———
1 metre (m) 1m € F,..
| —
v T T T T
1 centimetre (cm) <z m 107m SUE 2 4
mm 10 20 30 40
1 millimetre (mm) “;W m 10°m —n—
Ao b o o~ bacteria
1 micrometre (um) —sowsos ™ 10°m RHAL
m atoms
1 nanometre (nm) 500 Soo 555 M 10°m -

.

Q)

1 What is the Sl unit of length?
2 What is the SI unit of mass?
3 What is the Sl unit of time?
4 What do the following symbols stand for?
g mg t pum ms
5 Write down the value of
a 1564 mmin m b 1750 gin kg
¢ 26tinkg d 62usins
e 365 x 10°ginkg f 6.16 X 107 mminm
6 The 500 pages of a book have a mass of 2.50 kg.

Related topics: numbers and units 1.1; mass 2.7

largest —
unit

What is the mass of each page a in kg b in mg?

7 km ug um t nm kg m

ms s mg ns s g mm
Arrange the above units in three columns as below.
The units in each column should be in order, with the
largest at the top.

mass length time

15
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Objectives: to know how to measure length with a rule and time with a
stopwatch - to describe some methods of improving accuracy.

Measuring length

NIN‘HHlHYH‘IYHlHNH‘HNI|HNIY‘HHlIHH‘HHlIHH‘HH

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Lengths from a few millmetres up to a metre can be measured using a

== rule, as shown above. When using the rule, the scale should be placed
= Pz / right next to the object being measured. If this is not possible, calipers
> can be used, as shown on the left. The calipers are set so that their
é 2 points exactly match the ends of the object. Then they are moved across
- to a rule to make the measurement.
© @ Lengths of several metres can be measured using a tape with a scale on it.
Accurately measuring small objects is more difficult, but there are ways
calipers around the problem. Say, for example, you wanted to find the thickness
of a sheet of A4 paper.
Use a ruler to measure the thickness of a 500 sheet pack: 49 mm
i \ Dividing 49 mm by 500 gives the thickness of one sheet: 0.098 mm

A If the rule cannot be placed
next to the object being
measured, calipers can be used.

Measuring length with light 0

Surveyors don‘t need a tape to measure the dimensions of a room. They can use a
laser tape measure instead. Despite its name, no tape is involved. The surveyor
places the instrument against one wall, points it at the opposite wall, presses a
button, and reads the distance on the display.

There are various systems, but in one type, the instrument fires a pulse of laser
light at the opposite wall, picks up the reflection, measures the time delay
between the outgoing and returning pulses and uses this to calculate the distance.

Light travels at a speed close to 300 000 000 metres per second. So, for example,
if the pulse had to travel 30 metres out and back, it would take 100 nanoseconds.
If this were the time measured, the display would show a distance of 15 metres.
(In this example, the numbers have been simplified. Typically, the instrument is
accurate to within 3 mm.)

16
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Measuring time

Time intervals of many seconds or minutes can be measured using a
stopclock or a stopwatch. Some instruments have an analogue
display, with a needle (‘hand’) moving round a circular scale. Others
have a digital display, which shows a number. There are buttons for
starting the timing, stopping it, and resetting the instrument to zero.

With a hand-operated stopclock or stopwatch, making accurate
measurements of short time intervals (a few seconds or less) can be
difficult. This is because of the time it takes you to react when you have to
press the button. Fortunately, in some experiments, there is a simple way of
overcoming the problem. Here is an example:

rigid support

A pendulum can be set up to
investigate the time taken for
a single swing.

string one complete
swing
Sim%llel P Measuring the
penauiml b time t it takes for a
(small steel ball to fall a

mass) | )
I distance h.

The pendulum above takes about two seconds to make one complete
swing. Provided the swings are small, every swing takes the same time.
This time is called its period. You can find it accurately by measuring
the time for 25 swings, and then dividing the result by 25. For example:

Time for 25 swings = 55 seconds
So: time for 1 swing = 55/25 seconds = 2.2 seconds

Another method of improving accuracy is to use automatic timing, as
shown in the example on the right. Here, the time taken for a small object to
fall a short distance is being measured. The timer is started automatically
when the ball cuts one light beam and stopped when it cuts another.

1 On the opposite page, there is a diagram of a rule.

a What is the reading on its scale? this book.

Zero error

You have to allow for this on
many measuring instruments.
For example, bathroom scales
might give a reading of

46.2 kg when someone
stands on them, but 0.1 kg
when they step off and the
expected reading is zero. In
this case, the zero error is

0.1 kg and the corrected
measurement is 46.1 kg.

electromagnet
to release ball

‘ [ light
sensor
to start

timer

— time t

0.3

timer

light
sensor
to stop
ball timer

3 A student wants to find the thickness of one page of

b The rule has not be drawn to its true size.

Explain how she might do this accurately.
Measure this book and then find your own value for

What is the length of the red line as printed? b

A student measures the time taken for 20 swings of a the thickness of one page.
pendulum. He finds that the time taken in 46 seconds. 4 a What is meant by zero error?
a What time does the pendulum take for one swing? b

b How could the student have found the time for one
swing more accurately?

Related topics: units of length and time 1.2; timing a falling object 2.4

Give an example of when you would have to allow
for it.

17
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1.4 Volume and density

Objectives: to know the equation linking mass, volume, and density,
and how to use the equation to solve problems.

Volume
The quantity of space an object takes up is called its volume.

The SI unit of volume is the cubic metre (m?). However, this is rather
large for everyday work, so other units are often used for convenience,
as shown in the diagrams below:

Cubic centimetre (cm®)

Cubic metre (m) > Litre (Lor L) or millilitre (ml or mL)

Note: the symbol

| for litre can be
confused with a

1 (one). |

= 1000 cubic centimetres (cm3): ‘ i

\ i E
= 1000 millilitres (ml) ] L h.‘\
\ . A=
[—=—=="% S
=S = ﬁ : 1 cubic centimetre (cm®) is

the volume of a cube
measuring 1 cm x 1.cm x Tcm.
1 cubic metre (m?) is the volume of a 1 litre is the same volume as 1 cubic It is the same volume as

cube measuring Tm x 1 m x 1 m. decimetre (dm?) 1 millilitre (ml)
? — = e esepe SR G et S R e St

Density

Is lead heavier than water? Not necessarily. It depends on the volumes of
lead and water being compared. However, lead is more dense than water:
it has more kilograms packed into every cubic metre.

The density of a material is calculated like this:

mass

density =
volume

In the case of water:
a mass of 1000 kg of water has a volume of 1 m?
a mass of 2000 kg of water has a volume of 2 m?

a mass of 3000 kg of water has a volume of 3 m>, and so on.

Using any of these sets of figures in the above equation, the density of
A The glowing gas in the tail of water works out to be 1000 kg/m?>.

a comet stretches for millions of If masses are measured in grams (g) and volumes in cubic centimetres (cm?),

kilometres behind the comet's it is simpler to calculate densities in g/cm®. Converting to kg/m?® is easy:
core. The density of the gas is

eIy gas | 1 g/em® = 1000 kg/m?
less than a kilogram per cubic
kilometre. The density of water is 1 g/cm?. This simple value is no accident. The

kilogram (1000 g) was originally supposed to be the mass of 1000 cm? of
18
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water (pure, and at 4 °C). However, a very slight error was made in the early » ,
The densities of solids and

liquids vary slightly with
temperature. Most substances

measurement, so this is no longer used as a definition of the kilogram.

substance density density substance density density i .
kg/m® glcm’ kg/m® glcm’ get a little bigger when
air 13 00013 granite 2700 2.7 SIS M= IEEEE
— volume reduces the density.
expanded polystyrene 14 0.014  aluminium 2700 2.7 The densities of gases can
wood (beech) 750 0.75 steel (stainless) 7800 7.8 vary enormously depending
petrol 800 0.80  copper 8900 8.9 on how compressed they are.
ice (0 °C) 920 0.92 lead 11400 11.4
polythene 950  0.95  mercury 13600 136 The rare metal osmium is the
densest substance found on
ter (4 °C 1000 1.0 Id 19300 19.3
water (4 °C) £ Earth. If this book were made
concrete 2400 2.4 platinum 21500 21.5 of osmium, it would weigh as
glass (varies) 2500 2.5 osmium 22600 22.6 much as a heavy suitcase.

Density calculations
The equation linking density, mass, and volume can be written in symbols:

m
P = v where p = density, m = mass, and V = volume
This equation can be rearranged to give: V= M and m— Vp

P

These are useful if the density is known, but the volume or mass is to be
calculated. On the right is a method of finding all three equations.

Example Using density data from the table above, calculate the
mass of steel having the same volume as 5400 kg of aluminium.

First, calculate the volume of 5400 kg of aluminium. In this case, A Cover Vin the triangle and

£ is 2700 kg/m?>, m is 5400 kg, and V is to be found. So: you can see what V'is equal to.
m 5400 kg o It works for m and g2 as well.
~ P 2700 kg/m®
This is also the volume of the steel. Therefore, for the steel, pis 0
7800 kg/m3, Vis 2 m?, and m is to be found. So: In the density equation,
m = Vp = 7800 kg/m3 % 2 m3 = 15 600 ke the symbol p is the Greek
letter ‘rho’.
So the mass of steel is 15 600 kg.
@1 How many cm? are there in 1 m3? Use the information in the table of densities at the top of
2 How many cm? are there in 1 litre? the page to answer the following:
3 How many ml are there in 1 m3? 6 \What material, of mass 39 g, has a volume of 5 an’?
4 A tankful of liquid has a volume of 0.2 m?. What is 7 What is the mass of air in a room measuring
the volume in a litres b cm® ¢ ml? 5mX2m X 3m?
5 Aluminium has a density of 2700 kg/m°. 8 What is the volume of a storage tank which will hold
a What is the density in g/cm?? 3200 kg of petrol?
b What is the mass of 20 cm? of aluminium? 9 What mass of lead has the same volume as 1600 kg
¢ What is the volume of 27 g of aluminium? of petrol?

Related topics: pressure in liquids 3.6
19
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1.5 Measuring volume and density

Objectives: to know how to measure the volume of a solid or liquid -
to know how to measure the density of a solid or liquid.

Y1000 e measuring Measuring volume
i cylinder Liquid A volume of about a litre or so can be measured using a
1 measuring cylinder. When the liquid is poured into the cylinder,

1 the level on the scale gives the volume.

Most measuring cylinders have scales marked in millilitres (ml), or

level on scale cubic centimetres (cm?).

i | . . .
g:cvﬁalﬁume Regular solid If an object has a simple shape, its volume can be

calculated. For example:

== volume of a rectangular block = length x width x height
A Measuring the volume of a liquid volume of a cylinder = nt x radius® x height

S— Irregular solid If the shape is too awkward for the volume to be

i 1000 cm? 1000 cm? . . . .

8 g calculated, the solid can be lowered into a partly filled measuring

1 1 cylinder as shown on the left. The rise in level on the volume scale gives

the volume of the solid.

1 increase 1

] inlevel=5=| If the solid floats, it can be weighed down with a lump of metal. The
ves

- \g/;olume

of solid [_

d total volume is found. The volume of the metal is measured in a

separate experiment and then subtracted from this total.

Using a displacement can If the solid is too big for a measuring
cylinder, its volume can be found using a displacement can, shown

below left. First, the can is filled up to the level of the spout (this is done

A Measuring the volume of a by overfilling it, and then waiting for the surplus water to run out).
small solid Then the solid is slowly lowered into the water. The solid is now taking
up space once occupied by the water — in other words, it has displaced
its own volume of water. The displaced water is collected in a beaker

and emptied into a measuring cylinder.
The displacement method, so the story goes, was discovered by

accident, by Archimedes. You can find out how on the opposite page.

Measuring density
The density of a material can be found by calculation, once the volume

and mass have been measured. The mass of a small solid or of a liquid
can be measured using a balance. However, in the case of a liquid, you
must remember to allow for the mass of its container.

Here are some readings from an experiment to find the density of a liquid:

A Using a displacement can. volume of Ligquid in measuring eylinder = 400 om” (A)
Provided the can is filled to the pss of weasuring cylinder = 2404 (B)
spout at the start, the volume of

water collected in the beaker is MASS 0‘][ WLCQSI/LYLVL@ C%LLV\;D{&/ with LLOLI/LL(?[ n =560 9 (C)

equal to the volume of the
object lowered into the can. Therefore: mass of liquid = 560 g — 240 g =320 g (C-B)

320
Therefore density of liquid = 2255 — & 3
20 volume 400 cm

= 0.8 g/lem®
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Checking the density of a liquid*
A quick method of finding the density of a liquid it to use a small float called
a hydrometer. There is an example on the right. It is based on the idea that

1

a floating object floats higher up in a denser liquid. You can read more about

)

floating, sinking, and the link with density in the next spread, 1.6.

The scale on a hydrometer normally indicates the relative density (or ‘specific stem —|
gravity)) of the liquid: that is the density compared with water (1000 kg/m?®).  With scale

A reading of 1.05 means that the density of the liquid is 1050 kg/m?>.

(lllllllll

liquid
. . . . . . under test
Density checks like this are important in some production processes. For
example, creamy milk is slightly less dense than skimmed milk, and

strong beer is slightly less dense than weak beer.

Ill

/

hydrometer

weighted
bulb

-

Archimedes and the crown

Archimedes, a Greek mathematician, lived in Syracuse
(now in Sicily) around 250 Bce. He made important
discoveries about levers and liquids, but is probably best
remembered for his clever solution to a problem set him
by the King of Syracuse.

s

The King had given his goldsmith some gold to
make a crown. But when the crown was
delivered, the King was suspicious. Perhaps

instead. The King asked Archimedes to test the crown.

“Eureka!”, which means “I have found it!".

22

the goldsmith had stolen some of the gold and mixed in cheaper silver

Archimedes knew that the crown was the correct mass. He also knew

that silver was less dense than gold. So a crown with silver in it would

have a greater volume than it should have. But how could he measure
the volume? Stepping into his bath one day, so the story goes, Archimedes
noticed the rise in water level. Here was the answer! He was so excited that
he lept from his bath and ran naked through the streets, shouting

Later, Archimedes put the crown in a container of water and measured the
rise in level. Then he did the same with an equal mass of pure gold. The
rise in level was different. So the crown could not have been pure gold.

~

& >
@ empty liquid added stone added
i i 148
cm®
100
crown A crown B crown C m3
el
mass/g 3750 3750 3750 ]
volume/cm? 357 194 315
density: gold 19.3 g/cm?3; silver 10.5 g/cm? 500 3500

1 Use the information above to decide which crownis 2 Use the information above to calculate:

gold, which is silver, and which is a mixture.

Related topics: volume and density 1.4
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Objectives: to describe what a beam balance is used for — to predict, by
comparing densities, whether something will float or sink in a liquid (or gas).

Comparing masses

Density essentials 0 @ /

/
: mass
density =~ = ' beam

unknown mass standard masses

P A simple beam balance [

The device above is called a beam balance. It is the simplest, and probably
the oldest, way of finding the mass of something. You put the object in one
pan, then add standard masses to the other pan until the beam balances in
a level position. If you have to add 1.2 kg of standard masses, as in the
diagram, then you know that the object also has a mass of 1.2 kg.

The balance is really comparing weights rather than masses. Weight is the
downward pull of gravity. The beam balances when the downward pull on
one pan is equal to the downward pull on the other. However, masses can
be compared because of the way gravity acts on them. If the objects in the
two pans have the same weight, they must also have the same mass.

When using a balance like the one above, you might say that you were
‘weighing’ something. However, 1.2 kg is the mass of the object, not its

A A more modern type of
balance. It detects the
gravitational pull on the object
on the pan, but gives its reading
in units of mass. A more modern type of balance is shown on the left.

weight. Weight is a force, measured in force units called newtons. For
more on this, and the difference between mass and weight, see spreads
2.7 and 2.9.

©®

1 On the Moon, the force of gravity on an objectisonly 2 A balloon like the one on the opposite page contains

about one sixth of its value on Earth. Decide whether 2000 m? of air. When the air is cold, its density is
each of the following would give an accurate 1.3 kg/m>. When heated, the air expands so that some
measurement of mass if used on the Moon. is pushed out of the hole at the bottom, and the
a A beam balance like the one in the diagram at the density falls to 1.1 kg/m?. Calculate the following.
top of the page. a The mass of air in the balloon when cold.
b A balance like the one in the photograph above. b The mass of air in the balloon when hot.

¢ The mass of air lost from the balloon during heating.

22
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Planet density

The density of a planet increases towards the centre. However, the average
density can be found by dividing the total mass by the total volume. The
mass of a planet affects its gravitational pull and, therefore, the orbit

of any moon circling it. The mass can be calculated from this.

The volume can be calculated once the diameter is known.

The average density gives clues about a planet’s structure:

Earth Jupiter
Average density 5520 kg/m? Average density 1330 kg/m?

This is about double the density of ~ The low average density is one reason
the rocks near the surface, so the why scientists think that Jupiter is a
Earth must have a high density sphere mostly of hydrogen and helium

L . not to scale
core — probably mainly iron. gas, with a small, rocky core.

Float or sink?

You can tell whether a material will float or sink by comparing its density with that
of the surrounding liquid (or gas). If it is less dense, it will float; if it is more dense,
it will sink. For example, wood is less dense than water, so it floats; steel is more
dense, so it sinks.

@ Qil is less dense than water, so it floats on water.

Density differences aren’t the cause of floating or sinking, just a way of predicting
which will occur. Floating is made possible by an upward force produced whenever
an object is immersed in a liquid (or gas). To feel this force, try pushing an empty
bottle down into water.

A Hot air is less dense than cold
air, so a hot-air balloon wiill rise
upwards — provided the fabric,
gas cylinders, basket, and
passengers do not increase the
average density by too much.

A Ice is less dense than water in its liquid form, so icebergs float.

Related topics: mass 1.2; volume and density 1.4-1.5; force 2.6; mass and weight 2.9; convection 5.6; densities of
planets 11.2 23
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Check-up on measurements and units

Further questions
1 Copy and complete the table shown below:

measurement unit symbol
length ? ?
? kilogram ?
? ? S

(6]
2 Write down the number of
A mginlg
B ginlkg
C mgin 1 kg
D mm in 4 km
E cmin 5 km [5]

3 Write down the values of
300 cm, in m

500 g, in kg

1500 m, in km

250 ms, in s

0.5s, in ms

0.75 km, in m

25kg, ing

50 "0 o6 oD

0.8 m, in mm [8]
4 The volume of a rectangular block can be
calculated using this equation:
volume = length x width x height
Using this information, copy and complete
the table below. [4]

length/lcm widthicm height/icm volume of
rectangular
blockicm®

4 ?

5 ? 100
? 5 300
10 10 50

~N Oy Ul N

5 In each of the following pairs, which quantity
is the larger?
a 2 km or 2500 m?
b 2 m or 1500 mm?
¢ 2 tonnes or 3000 kg?
d 2 litres or 300 cm?? [4]

6 Which of the following statements is/are
correct?
A One milligram equals one million grams.
B One thousand milligrams equals one gram.
C One million milligrams equals one gram.
D One million milligrams equals one
kilogram. [2]

3

m glcm®  m km cm?

kg ms ml kg/m®* s

Which of the above are

units of mass?

units of length

units of volume?

units of time?

units of density? [10]

(LI = PR e B

8 Which block is made of the densest material?

block masslg lengthicm breadthicm heighticm

A 480 5 4 4
B 360 10 4 3
C 800 10 5 2
D 600 5 4 3

[1]
9 The mass of a measuring cylinder and its
contents are measured before and after
putting a stone in it.

measuring
cylinder

same volume
of water

stone

Which of the following could you calculate

using measurements taken from the apparatus
above?
A the density of the liquid only
B the density of the stone only
C the densities of the liquid and
the stone [2]

© OUP: this may be reproduced for class use solely for the purchaser’s institute
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10 A plastic bag filled with air has a volume of 13 The table shows the density of various
0.008 m>. When air in the bag is squeezed into substances.
arigid container, the mass of the container substance  densityl glcm®
(with air) increases from 0.02 kg to 0.03 kg. copper 8.9
Use the formula iron 79
density = —=2>> kerosene 0.87
volume
to calculate the density of the air in the bag. [2] mercury 136
11 water 1.0

Consider the following statements:

A 1 cm? of mercury has a greater mass than
1 cm?® of any other substance in this table —
true or false?

0.4m 7 B 1 cm?® of water has a smaller mass than
0.5m

1 cm?® of any other substance in this table —

true or false?

C 1 g of iron has a smaller volume than 1 g of
liquid X copper — true or false?
mass 80 kg D 1 g of mercury has a greater mass than 1 g

of copper - true or false? [2]

14 A student decides to measure the period of a
pendulum (the period is the time taken for
one complete swing). Using a stopwatch, he
finds that eight complete swings take

7.4 seconds. With his calculator, he then uses

<>
I 0.2m
this data to work out the time for one swing.
0.5m
0.5m

The number shown on his calculator is 0.925.

a Is it acceptable for the student to claim
that the period of the pendulum is 0.925

liquid Y

mass 50 kg seconds? Explain your answer. [2]
b How could the student measure the period

In the diagram above, the tanks contain two more accurately? [2]
different liquids, X and Y. ¢ Later, another student finds that 100
a What is the volume of each liquid in m*? [2] complete swings take 92.8 seconds. From
b Ifyou had 1 m® of the liquid X, what these measurements, what is the period of

would its mass be? [2] the pendulum? [2]
¢ What is the density of liquid X? [2]
d What is the density of liquid Y? [2]

12 Use the table of data on p19 (Spread 1.4) to
answer the following:
a Which of the solids in the table will float in
water? Explain how you made your

decision. [5]
b Which solids in the table will float in
petrol? [2]

¢ Petrol and water don’t mix. If some water
is tipped into petrol, what would you
expect to happen? Explain your answer. [2] 25
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Use the list below when you revise for your IGCSE examination. The spread number, in brackets, tells you
where to find more information.

Revision checklist

Core Level

How to use units. (1.1)

Making bigger or smaller units using prefixes. (1.1)
Writing numbers in scientific (standard) notation. (1.1)
Significant figures. (1.1)

SI units, including the metre, kilogram, and second. (1.2)
How to measure lengths. (1.3)

How to measure short intervals of time. (1.3)

How to find the period of a simple pendulum. (1.3)

Units for measuring volume. (1.4)

How density is defined. (1.4)

Using the equation linking density, mass, and volume. (1.4)
Finding the volume of a regular solid. (1.5)

Using a measuring cylinder to find the volume of a liquid. (1.5)
Measuring the density of liquid. (1.5)

Measuring the density of a regular solid. (1.5)

How to use a displacement can. (1.5)

Measuring the density of an irregular solid. (1.5)

OO0O0O0OO0OO0OO0OO0OO0OO0O0OO0OO0O0OO0oO00an

How to compare masses with a beam balance. (1.6)

Extended Level
As for Core Level, plus the following:
O Use density data to predict whether a material will sink or float. (1.6)

26
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Forces and

motion

SPEED AND VELOCITY
ACCELERATION

FREE FALL

FORCE AND MASS
FRICTION

GRAVITY

MOMENTUM

VECTORS AND SCALARS

CIRCULAR MOTION

A bungee jumper leaps more
than 180 metres from the top
of the Sky Tower in Auckland,
New Zealand. With nothing

to oppose his fall, he would

hit the ground at a speed of
60 metres per second. However,
his fall is slowed by the
resistance of the air rushing
past him, and eventually
stopped by the pull of the
bungee rope. Side ropes are
also being used to stop him

crashing into the tower.

chapter 2 27




2.1 Speed, velocity, and acceleration

Objectives: to know how speed, velocity, acceleration and deceleration
are defined - to explain what vectors are.

A Thrust supersonic car
travelling faster than sound. For
speed records, cars are timed
over a measured distance (either
one kilometre or one mile). The
speed is worked out from the
average of two runs — down the
course and then back again — so
that the effects of wind are
cancelled out.

Travel times 0

time taken to travel
1 kilometre (1000 m)

Runner 150 s
."' L @=
Grand Prix car 10s

Passenger jet

»)))))))))D)))))))) 3s

Sound

International Space Station 0.13's

28

Speed
If a car travels between two points on a road, its average speed can be
calculated like this:

__distance moved
average speed = ——
time taken

s
In symbols: v = 7

If distance is measured in metres (m) and time in seconds (s), speed is
measured in metres per second (m/s). For example: if a car moves 90 m
in 3s, its average speed is 30 m/s.

On most journeys, the speed of a car varies, so the actual speed at any
moment is usually different from the average speed. To find an actual

speed, you need to discover how far the car moves in the shortest time
you can measure. For example, if a car moves 0.20 metres in 0.01 s:

0.20m

00ls =20 m/s

speed =

Velocity

Velocity means the speed of something and its direction of travel. For
example, a cyclist might have a velocity of 10 m/s due east. On paper,
this velocity can be shown using an arrow:

10 m/s >

For motion in a straight line you can use a + or — to indicate direction.

For example:
+10 m/s (velocity of 10 m/s to the right)
—10 m/s (velocity of 10 m/s to the left)
Note: +10 m/s may be written without the +, just as 10 m/s.

Quantities, such as velocity, which have a direction as well as a
magnitude (size) are called vectors.
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Acceleration 3 m/s?
Something is accelerating if its velocity is changing. Acceleration is
calculated like this:

@ . change in velocity
average acceleration = -
time taken
Av
In symbols: @ ==
At
0s 0 m/s
The symbol A stands for ‘change in’.
1s 3 m/s
For example, if a car increases its velocity from zero to 12 m/s in 4 s: 9 g B
average acceleration = 12/4 = 3 m/s* (omitting some units for simplicity) 3s 9 m/s
Note that acceleration is measured in metres per second” (m/s?). 4s 12 /s
Acceleration is a vector. It can be shown using an arrow (usually double-  The velocity of this car is
headed). Alternatively, a + or — sign can be used to indicate whether the increasing by 3 m/s every
velocity is increasing or decreasing. For example: second. The car has a steady

acceleration of 3 m/s?,
+3m/s® (velocity increasing by 3 m/s every second)

—3m/s? (velocity decreasing by 3 m/s every second)
A negative acceleration is called a deceleration or a retardation.

A uniform acceleration means a constant (steady) acceleration.

Solving a problem

Example The car on the right passes post A with a velocity of 12 m/s. If
it has a steady acceleration of 3 m/s?, what is its velocity 5 s later, at B?

The car is gaining 3 m/s of velocity every second. So in 5, it gains an
extra 15 m/s on top of its original 12 m/s. Therefore its final velocity is
27 m/s. Note that the result is worked out like this:

final velocity = original velocity + extra velocity
So: final velocity = original velocity + (acceleration x time)

The above equation also works for retardation. If a car has a retardation

of 3 m/s?, you treat this as an acceleration of —3 m/s>.

1 A car travels 600 m in 30 s. What is its average speed? o A car takes 8 s to increase its velocity from 10 m/s to

Why is its actual speed usually different from its 30 m/s. What is its average acceration?
average speed? o A motor cycle, travelling at 20 m/s, takes 5 s to stop.
How is velocity different from speed? What is its average retardation?

3 A car has a steady speed of 8 m/s. o An aircraft on its take-off run has a steady acceleration
a How far does the car travel in 8 s? of 3 m/s?.
b How long does the car take to travel 160 m? a What velocity does the aircraft gain in 4 s?

4 Calculate the average speed of each thing in the chart b If the aircraft passes one post on the runway at a
of travel times on the opposite page. velocity of 20 m/s, what is its velocity 8 s later?

o A car has an acceleration of +2 m/s?. What does this o A truck travelling at 25 m/s puts its brakes on for 4 s.

tell you about the velocity of the car? This produces a retardation of 2 m/s?. What does the
What is meant by an acceleration of —2 m/s?? truck’s velocity drop to?

29
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Objectives: to interpret distance-time and speed-time graphs - to know how
to calculate speed, acceleration, and distance travelled from such graphs.

Distance-time graphs
Graphs can be useful when studying motion. Below, a car is travelling

along a straight road, away from a marker post. The car’s distance from
the post is measured every second. The charts and graphs show four

aé\ev'\// b iy different examples of what the car’'s motion might be.
) \
! On a graph, the line’s rise on the vertical scale divided by its rise on the
X horizontal scale is called the gradient, as shown on the left. With a

A On a straight line graph like

this, the gradient has the same

value wherever you measure y

and x.

30

equal to the speed.

O

distance-time graph, the gradient tells you how much extra distance is
travelled every second. So:

On a distance-time graph, the gradient of the line is numerically

distance

travelled

A Car travelling at steady speed

o
—_

time/ s 2 131415
distance/m | 0 [ 10 | 20 | 30 | 40 | 50

100
80
60
40
20

distance/ m

5 time/s

The line rises 10 m on the distance scale for every 1s on
the time scale.

B Car travelling at higher steady speed

time/ s 0|1 2 131415
distance/ m | 0 | 20 | 40 | 60 | 80 | 100
100

80

B O
o O

distance/ m

N
o

5 time/s

The line is steeper than before. It rises 20 m on the distance
scale for every 1s on the time scale.

C Car accelerating

time/ s 0 1 2 131415
distance/ m | 0 | 10 | 25| 45| 70 |100

100
80

distance/ m

5 time/s

The speed rises. So the car travels further each second than
the one before, and the line curves upwards.

D Car stopped

time/ s 0|1 2 131415
distance/ m | 50 | 50 | 50 | 50 | 50 | 50
100
80 -
€ gradient = 0
E 60 speed = 0
2 40
o
20

0 1 2 3 4 5 time/s

The car is parked 50 m from the post, so this distance stays
the same.
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Speed-time graphs o
Each speed-time graph below is for a car travelling along a straight road. Velocity-time graphs
The gradient tells you how much extra speed is gained every second. So: Velocity is speed in a
particular direction.
On a speed-time graph, the gradient of the line is numerically equal Where there is no change in
to the acceleration. the direction of motion, a

velocity—time graph looks the

In graph E, the car travels at a steady 15 m/s for 5 s, so the distance SIS &5 & SpREitiie Qi

travelled is 75 m. The area of the shaded rectangle, calculated using the
scale numbers, is also 75. This principle works for more complicated
graph lines as well. In graph F, the area of the shaded triangle,

!/, x base x height, equals 50. So the distance travelled is 50 metres.

On a speed-time graph, the area under the line is numerically equal
to the distance travelled.

E Car travelling at steady speed F Car with steady acceleration
time/ s 0] 1]2]3]4]5 time/ s 0] 1]2]3]4]5
speed/m/s | 15| 15| 15| 15| 15| 15 speed/m/s | 0 | 4 | 8 |12 ] 16|20
20 20

—
ul
N
w1

speed/ m/s
=)
speed/ m/s
)

(%1

0 1 2 3 4 5 time/s 0 1 2 3 4 5 time/s

The speed stays the same, so the line stays at the same level. As the car gains speed, the line rises 4 m/s on the speed

scale for every 1s on the time scale.

1 60 B D 2 30

; 40 E 20
c el
_*8 20 Sg_ 10
© B %)

A

0 5 10 15 20 25 time/s 0 5 10 15 20 25 time/s
The distance—time graph above is for a motor cycle The speed-time graph above is for another motor cycle
travelling along a straight road. travelling along the same road.
a What is the motor cycle doing between points D a What is the motor cycle’s maximum speed?

and E on the graph? ( What is the acceleration during the first 10s?

b Between which points is it accelerating? @ What is its deceleration during the last 55?
¢ Between which points is its speed steady? d What distance is travelled during the first 10s?
d What is this steady speed? e What is the total distance travelled?
e What is the distance travelled between A and D? f What is the time taken for the whole journey?
f What is the average speed between A and D? g What is the average speed for the whole journey?

Related topics: speed, velocity, and acceleration 2.1
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2.3 Recording motion

Objective: to explain how, in the lab, the acceleration of a trolley can
be found by measuring the distances between dots on ticker tape.

Using ticker-tape

trolley pulled ticker-tape timer

across bench
paper tape < /j .

-/ )

50 dots punched on
tape every second

In the laboratory, motion can be investigated using a trolley like the one
Speed, velocity, and above. As the trolley travels along the bench, it pulls a length of paper

acceleration essentials tape (ticker-tape) behind it. The tape passes through a ticker-tape timer
<oeeq+ distance moved which punches carbon dots on the tape at regular intervals. A typical
. ~ time taken timer produces 50 dots every second.

velocity is speed in a

) o Together, the dots on the tape form a complete record of the motion of
particular direction

the trolley. The further apart the dots, the faster the trolley is moving.

acceleration*
change in velocity Here are some examples:
~ time taken
start
*average |
|
steady speed distance between dots stays the same
higher steady speed distance between dots greater than before
V¥ Motion can also be recorded i - - -
photographically. These images acceleration distance between dots increases
of the Sun were taken at regular .
intervals, at midsummer, in - -
acceleraton ————————— then - ———————— retardation

Alaska. Even at midnight, the
Sun is still above the horizon.
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Calculations from tape

SRR I : | : |
) |
0.1s 0.1s 0.1s 0.1s | 0.1s
\
|
\

When the sections above are
arranged side-by-side as below,
~ the chart has the shape of a
speed-time graph.

The ticker-tape record above is for a trolley with steady acceleration.

The tape has been marked off in sections 5 dot-spaces long. One dot-space is
the distance travelled by the trolley in 1/50 second (0.02 s). So 5 dot-spaces
is the distance travelled in 1/10 second (0.1 s).

If the tape is chopped up into its 5 dot-space sections, and the sections put —
side-by-side in order, the result is a chart like the one on the right. The chart is
the shape of a speed-time graph. The lengths of the sections represent speeds —
because the trolley travels further in each 0.1 s as its speed increases. Side-by-

the one before.

side, the sections provide a time scale because each section starts 0.1 s after ’( :

The acceleration of the trolley can be found from measurements on the tape. P TR YA XPEEE

Do questions 2 and 3 below to discover how. T
1 ¢ Measure the distance from C to D, then calculate
start the average speed of the trolley between C and D.

@ Section CD was completed exactly one second after
section AB. Calculate the acceleration of the trolley in
mm/s?.
Describe the motion of the trolley that produced the 3 Look at the chart above.
ticker-tape record above. a Using a ruler, measure the distance travelled by the

2 The dots on the tape below were made by a ticker-
tape timer producing 50 dots per second.

a Count the number of dot-spaces between A and B.

Then calculate the time it took the tape to move
from A to B.

b Using a ruler, measure the distance from A to B in
mm. Then calculate the average speed of the
trolley between A and B, in mm/s.

start

trolley in the first 0.1 s recorded on the tape.

b Calculate the trolley’s average speed during this
first 0.1 s.

¢ Measure the distance travelled by the trolley in the
last 0.1 s recorded on the tape.

d Calculate the average speed during this last 0.1 s.

e Calculate the gain in speed during the 0.4 s.

@ Calculate the acceleration of the trolley in mm/s?.

Related topics: speed, velocity, and acceleration 2.1; motion graphs 2.2 and 2.5
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2.4 Free fall

Objectives: to describe how objects accelerate when dropped (with no air

resistance)

- to explain what is meant by the acceleration of free fall.

air
removed

| ||||\|||I

feather - ‘\ lead

10 m/s

A In the experiment above, all
the air has been removed from
the tube. Without air resistance,
a light object falls with the same
acceleration as a heavy one.

electromagnet
to release ball

NTD = [ liont
sensor
to start

timer

— time t

h B

timer

light

'*"E@ o sensor

steel to stop
ball timer

A Experiment to measure g

34

The acceleration of free fall, g
If you drop a lead weight and a feather, both fall downwards because of
gravity. However, the feather is slowed much more by the air.

The diagram on the left shows what would happen if there were no air
resistance. Both objects would fall with the same downward acceleration:
9.8 m/s. This is called the acceleration of free fall. It is the same for all
objects falling near the Earth’s surface, light and heavy alike.

The acceleration of free fall is represented by the symbol g. Its value
varies slightly from one place on the Earth’s surface to another, because
the Earth’s gravitational pull varies. However, the variation is less than
1%. Moving away from the Earth and out into space, g decreases.

Note that the value of g near the Earth’s surface is close to 10 m/s”. This
simple figure is accurate enough for many calculations, and will be the
one used in this book.

A On the Moon, the acceleration of free fall is only 1.6 m/s?. And as there is no
atmosphere, a feather would fall with the same acceleration as a lead weight.

Measuring g*

An experiment to find g is shown on the left. The principle is to measure the
time taken for a steel ball to drop through a known height, and to calculate
the acceleration from this. Air resistance has little effect on a small, heavy
ball falling only a short distance, so the ball’'s acceleration is effectively g.

The ball is dropped by cutting the power to the electromagnet. The
electronic timer is automatically switched on when the ball passes
through the upper light beam, and switched off when it passes through
the lower beam. If the height of the fall is /2 and the time taken is ¢, then
g can be calculated using this equation (derived from other equations):

2h
€=
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(® Up and down

air resistance.

30
20

10

In the following example, assume that g is 10 m/s®, and that there is no

The ball on the right is thrown upwards with a velocity of 30 m/s. The
diagram shows the velocity of the ball every second as it rises to its
highest point and then falls back to where it started.

As an upward velocity of 30 m/s is the same as a downward velocity of
—30 m/s, the motion of the ball can be described like this:

AtOs.... the downward velocity is —30 m/s
After 1 s.... the downward velocity is —20 m/s
After 2 s.... the downward velocity is —10 m/s
After 3 s.... the downward velocity is 0 m/s —
After 4 s.... the downward velocity is +10 m/s
After 5s.... the downward velocity is +20 m/s
After 6 s.... the downward velocity is +30 m/s

Whether the ball is travelling up or down, it is gaining downward velocity
at the rate of 10 m/s per second. So it always has a downward acceleration
of 10 m/s?, which is g. Even when the ball is moving upwards, or is
stationary at its highest point, it still has downward acceleration.

Below, you can see a velocity-time graph for the motion.

0 m/s
(3s)

I\
10 m/s A 10 mis
> 1@ L3
< |
&
o
|
[
10 m/s is [ =
. ,s
being added A0 il 20 m/s
to the (1s) T 1, 5
downward

velocity every
second

= |
{ gl
L
B |
¥ il
j A
(1
|

I

N

30 m/s
1(6 s)

downward velocity/ m/s
o

Assume that g = 10 m/s? and that there is no air resistance

o A stone is dropped from rest. What is its speed

a after1s b after2 s c after5s?

9 A stone is thrown downwards at 20 m/s. What is its
speed
a after1s b after 2 s c after5s?

e A stone is thrown upwards at 20 m/s. What is its speed

a after1s b after2s ¢ after 5s?

time/ s

A Aballin flight. As g is 10 m/s?,
the ball’s velocity changes by
10 m/s every second.

<« The velocity—time graph for the
ball's motion is shown on the left.

. OThis guestion is about the three points, A, B, and C, on
the graph above left.

Q@ -~ 0 o N T 9

In which direction is the ball moving at point C?

At which point is the ball stationary?

At which point is the ball at its maximum height?
What is the ball’s acceleration at point C?

What is the ball’s acceleration at point A?

What is the ball’s acceleration at point B?

At which point does the ball have the same speed as
when it was thrown?

Related topics: acceleration 2.1; motion graphs 2.2 and 2.5; gravitational force 2.9
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2.5 More motion graphs

Objective: to know how to tell from the shape of a speed-time graph
whether the acceleration is uniform (steady) or non-uniform (varying).

Motion graph essentials

Here are four examples of velocity—time graphs for a car travelling along a straight line:

20

10

speed/ m/s

time/ s

Steady acceleration

of 2 m/s
The speed of the car increases
by 2m/s every second.

The initial speed is zero, so the
car is starting from rest.

36

20 20
= €
~ >~
3 10 S 10+
(] [}
3 Gr
0 1 0 1

time/ s time/ s

Steady acceleration

of 4 m/s?
The speed of the car increases
by 4m/s every second.

Zero acceleration
The car has a steady speed of
20m/s.

The initial speed is zero, so the
car is starting from rest.

N
o

—
o

speed/ m/s

time/ s

Steady retardation
(deceleration) of 4 m/s?

The speed of the car decreases
by 4m/s?. In other words:

the acceleration is -4 m/s?.
The final speed is zero, so the
car comes to rest.

Uniform and non-uniform acceleration

A car is travelling along a straight road. If it has uniform acceleration,
this means that its acceleration is steady (constant). In other words, it is
gaining velocity at a steady rate. In practice, a car’s acceleration is rarely
steady. For example, as a car approaches its maximum velocity, the
acceleration becomes less and less until it is zero, as shown in the
example below. Also the car decelerates slightly during gear changes.

If acceleration is not steady then it is non-uniform. On a velocity-time
graph, as below, the maximum acceleration is where the graph line has

its highest gradient (steepness).

gear
change
gear zero acceleration
change at maximum speed
e}
(]
(9}
o
£ gear
change
highest gradient:
greatest acceleration
time
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Here are more examples of uniform and non-uniform acceleration:

A stone is dropped from a great height. With no air resistance, the velocity—
time graph for the stone would be as shown below left. The acceleration
would be uniform. It would be 10 m/s?, the acceleration of free fall, g.

E)In practice, there is air resistance on the stone. This affects its motion, -
producing non-uniform acceleration, as shown below right. At the
instant the stone is dropped, it has no velocity. This means that its initial
acceleration is g because there is not yet any air resistance on it.
However, as the velocity increases, air resistance also increases. ©
Eventually, the air resistance is so great that the velocity reaches a

maximum and the acceleration falls to zero.

speed
speed

time time

A Uniform acceleration of a falling stone with no air

A Non-uniform acceleration of a falling stone with air
resistance acting.

resistance acting.

On a speed-time graph, the area under the line is numerically equal to

the distance travelled. This applies whether the motion is uniform or
non-uniform — in other words, whether the graph line is straight or curved.
With a straight-line graph, the area can be calculated. With a curved-line
graph, this may not be possible, although an estimate can be made by
counting squares. When doing this, remember that the area must be worked
out using the scale numbers on the axis. It isn’t the ‘real’ area on the paper.

Q)

1 A boat moves off from its mooring in a straight line. A speed-
time graph for its motion is shown on the right. The graph
has been divided into sections, AB, BC, CD, and DE. Over
which section (or sections) of the graph does the boat
a have its greatest speed?

b have its greatest acceleration?

¢ have retardation? /
@ have uniform acceleration or retardation? g
@® have non-uniform acceleration or retardation?
@ travel the greatest distance?

Sketch a speed-time graph for a beach-ball falling from a

speed
e}
o

E
great height. How will this graph differ from that for a A fime
falling stone, shown above right?
Related topics: speed, velocity, and acceleration 2.1; motion graphs 2.2; g and free fall 2.4
37
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2.6 Forces In balance

Objectives: to know how force is measured - to describe the motion an
object if there is no force, or balanced forces, on it - to explain what
terminal velocity is.

A force is a push or a pull, exerted by one object on another. It has

Typical forces in direction as well as magnitude (size), so it is a vector.

newtons The SI unit of force is the newton (N). Small forces can be measured
force to switch on a using a spring balance like the one below. The greater the force, the
bathroom light....... 10N more the spring is stretched and the higher the reading on the scale:

force to pull

open a drinks can...... 20N R

. force applied
force to lift pp J

a heavy suitcase..... 200N

force from a large
jetengine....  250000N

098 165,6321 0N
|

|
force reading in newtons

Common forces
Here are some examples of forces:

Upthrust The upward force
from a liquid (or gas) that
makes some things float.

it e NS ; <
2 Friction The force that
opposes the motion of one

material sliding past another.

Tension The force in a
stretched material.

Weight The gravitational H )
force on an object. Thrust The forward force Air resistance

k- from an aircraft engine. One type of friction. gl

Motion without force

On Earth, unpowered vehicles soon come to rest because of friction. But
with no friction, gravity, or other external force on it, a moving object will
keep moving for ever — at a steady speed in a straight line. It doesn’t need
a force to keep it moving.

This idea is summed up in a law first put forward by Sir Isaac Newton in 1687:

If no external force is acting on it, an object will
— if stationary, remain stationary

A Deep in space with no forces ) ) ) ) ) )
to slow it, a moving object wil - if moving, keep moving at a steady speed in a straight line.

keep moving for ever. L. . .
P 9 This is known as Newton’s first law of motion.
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Balanced forces

An object may have several forces on it. But if the forces are in balance,
they cancel each other out. Then, the object behaves as if there is no
force on it at all. Here are some examples:

weight

upward force upward

from bent beam force from weight
squashed ice
s i
Stationary gymnast Skater with steady velocity Skydiver with steady velocity

With balanced forces on it, an object is either at rest, or moving at a steady
velocity (steady speed in a straight line). That follows from Newton'’s first law.

(® Terminal velocity

When a skydiver falls from a hovering helicopter, as her speed increases,
the air resistance on her also increases. Eventually, it is enough to balance
her weight, and she gains no more speed. She is at her terminal velocity.
Typically, this is about 60 m/s, though the actual value depends on air
conditions, as well as the size, shape, and weight of the skydiver.

When the skydiver opens her parachute, the extra area of material
increases the air resistance. She loses speed rapidly until the forces are
again in balance, at a greatly reduced terminal velocity.

If air resistance balances her weight, why doesn't a skydiver stay still?

If she wasn't moving, there wouldn’t be any air resistance. And with

A If a skydiver is falling at a
steady velocity, the forces on her

only her weight acting, she would gain velocity.

Surely, if she is travelling downwards, her weight must be greater than the are balanced: her weight
air resistance? Only if is she is gaining velocity. At a steady velocity, the downwards is exactly matched
forces must be in balance. That follows from Newton’s first law. by the air resistance upwards.

Q)

1 What is the SI unit of force? ———

2 What does Newton’s first law of motion tell you about the forces on an object [\
that is a stationary b moving at a steady velocity?

o The parachutist on the right is descending at a steady velocity.
a What name is given to this velocity?
b Copy the diagram. Mark in and label another force acting.
¢ How does this force compare with the weight?
d If the parachutist used a larger parachute, how would this affect the steady
velocity reached? Explain why.

weight

Related topics: friction and moving vehicles 2.8; weight and mass 2.9
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Objectives: to know and use the equation linking force, mass, and
acceleration - to find the resultant of two forces acting in a straight line.

P Once a massive ship like this
is moving, it is extremely difficult
to stop.

Velocity is speed in a 0

particular direction.

These two forces...

3N < » 5N

are equivalent to a single
force of (5-3) N....

= 7 N

This is the resultant force.

Symbols and units 0

F = force, in newtons (N)
m = mass, in kilograms (kg)

a = acceleration,in
metres/second? (m/s%)
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Inertia and mass

If an object is at rest, it takes a force to make it move. If it is moving, it
takes a force to make it go faster, slower, or in a different direction. So

all objects resist a change in velocity — even if the velocity is zero. This
resistance to change in velocity is called inertia. The more mass
something has, the more inertia it has.

Any change in velocity is an acceleration. So the more mass something
has, the more difficult it is to make it accelerate.

Resultant force
In the diagram on the left, the two forces are unbalanced. Together, they
are equivalent to a single force. This is called the resultant force.

If forces are balanced, the resultant force is zero and there is no
acceleration. Any other resultant force causes an acceleration — in the
same direction as the resultant force.

@Linking force, mass, and acceleration

There is a link between the resultant force acting, the mass, and the
acceleration produced. For example:

If this resultant force... acts on this mass... then this is the acceleration...
1IN 1 kg 1 m/s’
2N 2 kg 1 m/s*
4N 2 kg 2 m/s?
6 N 2 kg 3 m/s?

In all cases, the following equation applies:

resultant force = mass x acceleration

In symbols: F =ma

This relationship between force, mass, and acceleration is sometimes
called Newton’s second law of motion.
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mass

@ Example What is the acceleration of the model car on the right? 2 kg

First, work out the resultant force on the car. A force of 18 N to the right

combined with a force of 10 N to the left is equivalent to a force of 10N f— — 15 N
(18 —10) N to the right. So the resultant force is 8 N.

Next, work out the acceleration when F = 8 N and m = 2 kg: total force
frictional force from motor
F =ma
So: 8 =2a (omitting units for simplicity)

Rearranged, this gives a = 4. So the car’s acceleration is 4 m/s’.

Finding the link

ticker-tape timer
+ paper tape

L =

— >trol|eys
2 units of mas:

flat bench
@ The link between force, mass, and acceleration can be found experimentally uUnstretched
using the equipment above. Different forces are applied to the trolley by cord

pulling it along with one, two, or three elastic cords, stretched to the same
length each time. During each run, the ticker-tape timer marks a series of
dots on the paper tape. The acceleration can be calculated from the spacing

of the dots. To vary the mass, one, two, or three trolleys are used in a stack. 1 unit of force

Defining the newton
A 1N resultant force acting on 1kg produces an acceleration of 1 m/s*. This

simple result is no accident. It arises from the way the newton is defined:

I I

2 units of force

1 newton is the force required to give a mass of 1 kilogram an A
acceleration of 1 m/s%. T
Further effects of forces
Forces do not only affect motion. If two or more forces act on something, % *
they change its shape or volume (or both). The effect is slight with hard
objects, but can be very noticeable with flexible ones, as shown on the right.  Forces causing a shape change
®o a What equation links resultant force, mass, and 2 a What is the resultant force on the car below?
acceleration? ® What is the car’s acceleration?
b Use this equation to calculate the resultant force on @ If the total frictional force rises to 1500 N, what
each of the stones shown below. happens to the car?
1kg 2k mass
8OT kg
10 m/s’ 10 m/s’ 5|OO \ = : 1500|N
total force
frictional force from engine

Related topics: mass 1.2; acceleration 2.1; using ticker-tape 2.3; balanced forces 2.6; stretching and compressing 3.4
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2.8 Friction

Objectives: to describe what friction is and when it causes heating - to
give different examples of friction and describe when it is and isn’t useful.

reducing friction

1
"roller bearing + grease’

brake pad tyre gripping road

using friction

A This wheel is mounted on

roller bearings to reduce friction.

V Air resistance is a form of
dynamic friction. When a car is
travelling fast, it is the largest of
all the frictional forces opposing
motion.

Air resistance wastes energy, so
less air resistance means better
fuel consumption. Car bodies
are specially shaped to smooth
the air flow past them and
reduce air resistance. A low
frontal area also helps.

Friction is the force that tries to stop materials sliding across each other.
There is friction between your hands when you rub them together, and
friction between your shoes and the ground when you walk along.
Friction prevents machinery from moving freely and heats up its
moving parts. To reduce friction, wheels are mounted on ball or roller
bearings, with oil or grease to make the moving surfaces slippery.

Friction is not always a nuisance. It gives shoes and tyres grip on the
ground, and it is used in most braking systems. On a bicycle, for example,
rubber blocks are pressed against the wheels to slow them down.

Two kinds of friction

When the block below is pulled gently, friction stops it moving. As the
force is increased, the friction rises until the block is about to slip. This
is the starting or static friction. With a greater downward force on the
block, the static friction is higher. Once the block starts to slide, the
friction drops: moving or dynamic friction is less than static friction.

=

static friction is greater than. .. .. dynamic frictior

— —r

Dynamic friction heats materials up. When something is moved against
the force of friction, its energy of motion (called kinetic energy) is
converted into thermal energy (heat). Brakes and other machinery must
be designed so that they get rid of this thermal energy. Otherwise their
moving parts may become so hot that they seize up.
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Drag

Objects experience friction when they move through a liquid or a gas. This force is called drag.
Drag (also know as air resistance) acts on an aircraft as it moves through the air. Drag acts on a boat as
it moves across water. And if you drop a pebble into deep water, drag slows its descent.

Friction highs and lows

As the Earth moves through space, it runs into small bits of
material, also orbiting the Sun. These mostly range in size from
grains of sand to small pebbles, and they can hit the atmosphere at
speeds of up to 70 km/s (150 000 mph). Frictional heating makes
them burn up, causing a streak of light called a meteor (or ‘shooting
star’), as on the right. Sometimes, the burning produces a fireball.

Below are more examples of friction in action.

LN
s

— i

A A curling stone slides across the ice towards a target.
To make the stone travel further, the sweepers brush
vigorously in front of it with brooms. Friction from the
brooms has a heating effect which melts some of the ice.
The melting layer reduces friction under the stone.

Q)

1 In a car, friction is essential in some parts, but needs to be
reduced in others. Give two examples of where friction is
a essential b needs to be reduced.

2 Why are car bodies designed so that air resistance is
reduced as much as possible?

3 Comparing the top and bottom of a surfboard:
a On which surface does the friction need to be high?

Explain why.

A The top of a surfboard is often given a wax coating. Tiny
bumps of wax increase friction by sticking to the surfer’s
feet. However, the underside of a surfboard has a smooth,
glassy surface so that it can slide across the water with as
little friction as possible.

b On which surface does the friction need to be low?
Explain why.
4 Write down whether, in each of the following
examples, the friction has a heating effect:
a The soles of your shoes gripping the ground when
you are standing on a slope.
b A crate being dragged across the ground.

Related topics: speed 2.01; thermal energy 4.1; energy transfers 4.2
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2.9 Force, weight, and gravity

Objectives:

- to understand the connection between weight and mass -

to explain what gravitational field strength is and how it can vary from

one place to another.

A Near the Earth's surface, a

1 kg mass has a gravitational
force on it of about 10 newtons.
This is its weight.

mass >

weight
(gravitational force)

Symbols and units 0

W = weight, in newtons (N)
m = mass, in kilograms (kg)

g = gravitational field
strength, 10 N/kg near
the Earth’s surface
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Gravitational force
If you hang an object from a spring balance, you measure a downward
pull from the Earth. This pull is called a gravitational force.

No one is sure what causes gravitational force, but here are some of its
main features:

e All masses attract each other.

® The greater the masses, the stronger the force.

® The closer the masses, the stronger the force.

The pull between small masses is extremely weak. It is less than 10~/ N
between you and this book! But the Earth is so massive that its gravitational
pull is strong enough to hold most things firmly on the ground.

Weight
Weight is another name for the Earth’s gravitational force on an object.

Like other forces, it is measured in newtons (N).

Near the Earth’s surface, an object of mass 1 kg has a weight of 9.8 N,
though 10 N is accurate enough for many calculations and will be used in
this book. Greater masses have greater weights. Here are some examples:

1kg

tr O

500 N ﬂeld strength
=10 N/kg

2 kg 50 kg m

Gravitational field strength, g

A gravitational field is a region in which a mass experiences a force due to
gravitational attraction. The Earth has a gravitational field around it. Near
the surface, this exerts a force of 10 newtons on each kilogram of mass: the
Earth’s gravitational field strength is 10 newtons per kilogram (N/kg).

Gravitational field strength is represented by the symbol g. So:

weight = mass x g (g = 10 N/kg)

In symbols: W =mg

In everyday language, we often use the word ‘weight’ when it should be
‘mass’. Even balances, which detect weight, are normally marked in mass
units. But the person in the diagram above doesn’t ‘weigh’ 50 kilograms.
He has a mass of 50 kilograms and a weight of 500 newtons.
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@ Example What is the acceleration of the rocket on the right?

To find the acceleration, you need to know the resultant force on the

rocket. And to find that, you need to know the rocket’s weight:
mass
weight = mg = 200 kg x 10 N/kg = 2000 N 200 kg
So: resultant force (upwards) = 3000 N - 2000 N = 1000 N

But : resultant force = mass x acceleration
So: 1000 N = 200 kg x acceleration

Rearranged, this gives: acceleration = 5 m/s’

[ =—» >

Changing weight, fixed mass

3000 N
force from
rocket
engine

[~ weight

On the Moon, your weight (in newtons) would be less than on Earth, mass

weight

because the Moon'’s gravitational field is weaker.

Even on Earth, your weight can vary slightly from place to place,
because the Earth’s gravitational field strength varies. Moving away
from the Earth, your weight decreases. If you could go deep into space,
and be free of any gravitational pull, your weight would be zero.

Whether on the Earth, on the Moon, or deep in space, your body always

Zero

has the same resistance to a change in motion. So your mass (in kg)
doesn’t change — at least, not under normal circumstances. But...
According to Einstein’s theory of relativity, mass can change. For
example, it increases when an object gains speed. However, the change
is far too small to detect at speeds much below the speed of light. For all
practical purposes, you can assume that mass is constant.

Two meanings for g

160N

In the diagram opposite, the acceleration of each object can be worked
out using the equation force = mass x acceleration. For example, the
2 kg mass has a 20 N force on it, so its acceleration is 10 m/s>.

You get the same result for all the other objects. In each case, the
acceleration works out at 10 m/s?, or g (where g is the Earth’s
gravitational field strength, 10 N/kg).

So g has two meanings. In both cases, g is a vector:

1000 N

® g is the gravitational field strength (10 newtons per kilogram).
e g is the acceleration of free fall (10 metres per second?).

Q)

Assume that g = 10 N/kg and there is no air resistance. 2 A spacecraft travels from Earth to Mars, where the

gravitational field strength near the surface is 3.7 N/kg.

10 kg 100 kg when measured on Earth.
a What is the probe’s weight on Earth?
b What is the probe’s mass in space?

The spacecraft is carrying a probe which has a mass of

1 The rocks above are falling near the Earth’s surface. ¢ What is the probe’s mass on Mars?
a What is the weight of each rock? d What is the probe’s weight on Mars?
b What is the gravitational field strength? @® When the probe is falling, near the surface of Mars,
@ What is the acceleration of each rock? what is its acceleration?

Related topics: kg 1.1; vectors 2.1 and 2.13; resultant force and acceleration 2.7; energy and mass 10.6
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2.10 Action and reaction*

Objectives: - to understand that forces always occur in pairs, and the
effects that this can have.

Action-reaction pairs
A single force cannot exist by itself. Forces are always pushes or pulls
between two objects. So they always occur in pairs.

The experiment below shows the effect of a pair of forces. To begin with,
the two trolleys are stationary. One of them contains a spring-loaded
piston which shoots out when a release pin is hit.

Before spring is released

release pin

After spring is released

= o

spring-loaded
piston shoots out

When the piston is released, the trolleys shoot off in opposite directions.
Although the piston comes from one trolley only, two equal but opposite
forces are produced, one acting on each trolley. The paired forces are
known as the action and the reaction, but it doesn’t matter which you
call which. One cannot exist without the other.

Here are some more examples of action-reaction pairs:

forward
force on
bullet: bullet

shoots out
5

g ,c,j—’
"""" =¥ backward
force on gun:
gun recoils

Earth pulls downwards
on skydiver

Kvdivar oflid runner pushes ground pushes
2 }_’9 qucr)‘r? Lélg%%pwaws backwards on forwards on
4 v ground runner

If forces always occur in pairs, why don't they cancel each other out?
The forces in each pair act on different objects, not the same object.

If a skydiver is pulled downwards, why isn't the Earth pulled upwards?
Tt is! But the Earth is so massive that the upward force on it has far too
small an effect for any movement to be detected.
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Newton’s third law of motion
Isaac Newton was the first person to point out that every force has an

fuel:
liquid hydrogen

equal but opposite partner acting on a different object. This idea is
summed up by Newton’s third law of motion:

If object A exerts a force on object B, then object B will exert an
equal but opposite force on object A.

liquid oxygen

Here is another way of stating the same law:

To every action there is an equal but opposite reaction. *

. 7
Rockets and jets , ,
. . . . . combustion

Rockets use the action-reaction principle. A rocket engine gets thrust in chamber
one direction by pushing out a huge mass of gas very quickly in the
opposite direction. The gas is produced by burning fuel and oxygen. nor|e
These are either stored as cold liquids, or the fuel may be stored in

chemical compounds which have been compressed into solid pellets. ,
A A rocket engine. In the

How can a rocket accelerate through space if there is nothing for it to push  combustion chamber, a huge

against? It does have something to push against — the huge mass of gas mass of hot gas expands and
from its burning fuel and oxygen. Fuel and oxygen make up over 90% of rushes out of the nozzle. The
the mass of a fully loaded rocket. gas is produced by burning

Jet engines also get thrust by pushing out a huge mass of gas. But the fuel and oxygen.

gas is mostly air that has been drawn in at the front:

fuel (kerosene)

g injected
combustion < A jet engine. The big fan at the
% chamber front pushes out a huge mass of air.

However, some of the air doesn’t
come straight out. It is compressed
and used to burn fuel in a
combustion chamber. As the hot
exhaust gas expands, it rushes out of
the engine, pushing round a turbine
as it goes. The spinning turbine

fan drives the fan and the compressor.

turbine

compressor

1 The person on the right weighs 500 N. The diagram shows the force of his feet
pressing on the ground.
a Copy the diagram. Label the size of the force (in newtons).
b Draw in the force that the ground exerts on the person’s feet. Label the size of

this force.

2 When a gun is fired, it exerts a forward force on the bullet. Why does the gun recoil
backwards?

3 In the diagram on the opposite page, the forces on the runner and on the ground
are equal. Why does the runner move forwards, yet the ground apparently does not
move backwards?

Related topics: force 2.6; gravitational force 2.9
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Objectives: to know how to calculate momentum, and impulse - to know
the link between force and a change in momentum

s

i n e r Volumen Jump into the future

P Momentum = mass x
velocity, and this truck has
lots of it.

E) People say that a heavy vehicle travelling fast has lots of momentum.

Two versions of the
same law

A resultant force F acts on an
object of mass m for a time t.
As a result, its velocity increases
from u to v, its acceleration
over this time being a.

From Newton's second law

of motion:

resultant force
change in momentum
B time

mv — mu
So: f=——7—

In words:
resultant force = mass x
acceleration

48

However, momentum has an exact scientific definition:
momentum = mass x velocity in symbols: p=mv

For example, if a model car has a mass of 2 kg and a velocity of 3 m/s,
its momentum = mass x velocity = 2 kg x 3 m/s = 6 kg m/s

Like velocity, momentum is a vector, so a + or a — is often used to
indicate its direction. For example:

momentum of car moving to the right = +6 kg m/s
momentum of car moving to the left = —6 kg m/s

Linking force and momentum: Newton’s second

law of motion

With a resultant force on it, an object will accelerate. Therefore, its
velocity will change, and so will its momentum. The force and the
momentum change are linked by this equation:

change in momentum  Ap
time At

resultant force =

or: resultant force = rate of change of momentum

The link between a resultant force and the rate of change of
momentum it produces is known as Newton’s second law of motion.

The above equation is really another way of saying that
‘force = mass x acceleration’. The panel on the left explains why.

Impulse
From the previous equation, it follows that:

resultant force x time = change in momentum

The quantity ‘force x time’ is called an impulse.

Newton noted that, when the same force acted for the same time on
different masses, a large mass would gain less velocity than a smaller one,
but the change in ‘mass x velocity’ was the same in every case. It was this
observation that led to the concept of momentum and the second law.
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(® Solving problems mass

2 kg

Example 1 A model car of mass 2kg is travelling in a straight line. If
its velocity increases from 3 m/s to 9m/s in 4s, what is the resultant ﬁ
force on it?

velocity increases

To begin with: fro;n 3/m/s
. t
momentum = mass x velocity = 2 kg x 3 m/s = 6 kg m/s ina sm ’

4 seconds later:
momentum = mass x velocity = 2 kg x 9 m/s = 18 kg m/s

So: change in momentum = 12 kg m/s

change in momentum 12 kg m/s
But: resultant force = - =
time 4s

So: resultant force = 3N

The problem can also be solved by working out the car’s acceleration and

then using the equation: resultant force = mass x acceleration.

Example 2* A small rocket pushes out 2 kg of exhaust gas every second
at a velocity of 100m/s. What thrust (force) is produced by the engine?

By Newton’s third law of motion, the forward force on the engine is
equal to the backward force pushing out the exhaust gas. That force can
be calculated by finding the rate of change of momentum of the gas:

In 1 second, 2kg of gas increases its velocity from 0 to 100 m/s.
So: change in momentum = mass x velocity change

=2kg x 100m/s = 200kgm/s
100 m/s

change in momentum 200 kg m/s
- = \2 kg of gas
time 1s pushed out
every second

force on gas =

So: thrust = 200 N
o What equation is used to calculate momentum? ¢ What is the change in momentum?
9 What equation links the resultant force with the d What is the change in momentum every second?
change in momentum it produces? e What is the resultant force on the trolley?
When a resultant force acts for 3 seconds on the trolley Now you will calculate the resultant force on the
below, its velocity increases to 6 m/s. trolley using different steps:
a What is the momentum of the trolley before the f What is the trolley’s change in velocity?
force acts? g What is the trolley’s acceleration?
b What is the momentum after the force has acted? h What equation links force, mass, and acceleration?
i What is the resultant force on the trolley?
toemass: 4* A jet engine pushes out 50 kg of gas (mainly air) every

second, at a velocity of 150 m/s.

a What thrust (force) does the engine produce?

b If the engine pushed out twice the mass of gas at
half the velocity, what would the thrust be?

Related topics: velocity, acceleration as vectors 2.1; force, mass, acceleration, Newton’s 2nd law 2.8; Newton’s 3rd law
2.10; momentum and molecules 5.4 49
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2.12 Momentum (2)

Objectives: - to know that momentum is conserved - to do calculations
on the motion of objects that are either colliding or being pushed apart.

Before spring is released

mass 2 kg
mass 4 kg—__{ e
momentum = 0 momentum = 0
After spring is released
velocity 0.5 m/s velocity 1.0 m/s
«—  —
-4 kg 2 kg
A A
momentum = 4 kg X 0.5 m/s momentum = 2 kg X 1.0 m/s
=2 kg m/s (to the left) = 2 kg m/s (to the right)
Velocity and momentume
essentials E)To begin with, the trolleys above are stationary. But when a spring-
Velocity is speed in a loaded piston is released between them, they shoot off in opposite
particular direction. directions. Their velocities can be measured using ticker-tape timers.
momentum = mass x velocity When the trolleys shoot apart, the trolley with least mass has most
(kg mss) kg) (M) velocity. The diagram shows typical mass and velocity values. These
Velocity and momentum are illustrate a rule which applies in all such experiments:

vectors. They haYe dlrec.tlon mass x velocity to the left = mass x velocity to the right
as well as magnitude (size).

Their direction can be shown (trolley A) (trolley B)

using an arrow, or a + or —. This result is to be expected. From Newton’s third law of motion, the
forces on the two trolleys are equal but opposite. Also, the forces act
for the same time. So they should cause equal but opposite changes
in momentum (as force x time = change in momentum).

Conservation of momentum

With the mass and velocity values above, the total momentum of the
trolleys before and after separation can be found. As momentum is a
vector, its direction must be allowed for. In the following calculations,
a momentum gain to the right is counted as positive (+):

Before the spring is released: total momentum of trolleys = 0

After the spring is released:
momentum of trolley A = mass x velocity = 4 kg x —0.5 m/s = —2 kg m/s

momentum of trolley B = mass x velocity =2 kg x 1.0 m/s = +2 kg m/s
So: total momentum of trolleys = 0

So the total momentum (zero) is unchanged by the release of the spring.
This is an example of the law of conservation of momentum:

When two or more objects act on each other, their total momentum

50 remains constant, provided no external forces are acting.
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Collision problem

Before the collision

velocity 2 m/s
e
mass 1 kg

sticky material

velocity 3 m/s
<
mass 4 kg

After the collision

velocity ?
> combined mass

- 5 kg

@ Example When the two trolleys above collide, they stick together.
What is their velocity after the collision?

According to the law of conservation of momentum, the total
momentum of the trolleys is the same after the collision as before:

Before the collision:

momentum of trolley A = mass x velocity = 1 kg x 2 m/s= +2kgm/s

momentum of trolley B = mass x velocity = 4 kg x —3 m/s = —12 kg m/s
So: total momentum of trolleys A and B = —10 kg m/s
After the collision:

total momentum of trolleys A and B = —10 kg m/s (as above)
So: combined mass x velocity = —10 kg m/s

So: 5 kg x velocity = —10 kg m/s

So: velocity of trolleys = —2 m/s

Therefore the trolleys have a velocity of 2 m/s to the left.

Q)

o A trolley of mass 2 kg rests next to a trolley of mass
3 kg on a flat bench. When a spring is released
between the trolleys, and they are pushed apart,
the 2 kg trolley travels to the left at 6 m/s.
Before separation:

a What is the total momentum of the trolleys?
After separation:

b What is the total momentum of the trolleys?
¢ What is the momentum of the 2 kg trolley?
d What is the momentum of the 3 kg trolley?
e What is the velocity of the 3 kg trolley?

Before the collision:

After the collision:

Momentum and energy 0

Moving objects have kinetic
energy (see spread 4.1). In a
collision, some of that energy
may be changed into other
forms.

If a collision is elastic, the total
kinetic energy of the moving
objects is the same after the
collision as before. In other
words, there is ‘perfect bounce’.
However, most collisions are not
like this. The total kinetic energy
is less after the collision than
before. In such cases, the
‘missing’ energy is converted
into thermal energy (heat).

e A 16 kg mass travelling to the right at 5 m/