STAND V-, >

2" Edition
CHRIS HAMPER

Supporting every learner across the IB continuum

ALWAYS LEARNING PEARSON



STANDARD LEVEL

STANDARD LEVEL

Physics ...

CHRIS HAMPER

Supporting every learner across the IB continuum



Published by Pearson Education Limited, Edinburgh Gate, Harlow,
Essex, CM20 2JE.

www.pearsonglobalschools.com
Text © Pearson Education Limited 2014

Edited by Gwynneth Drabble

Proofread by Anna Clark

Designed by Astwood Design

Typeset by Ken Vail Graphic Design

Original illustrations © Pearson Education 2014
[lustrated by Tech-Set Ltd and Ken Vail Graphic Design
Cover design by Pearson Education Limited

The right of Chris Hamper to be identified as author of this work has
been asserted by him in accordance with the Copyright, Designs and
Patents Act 1988.

First published 2014

1817161514
IMP10987654321

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN 978 1 447 95908 3
eBook only ISBN 978 1 447 95909 0

Copyright notice

All rights reserved. No part of this publication may be reproduced in
any form or by any means (including photocopying or storing it in
any medium by electronic means and whether or not transiently or
incidentally to some other use of this publication) without the written
permission of the copyright owner, except in accordance with the
provisions of the Copyright, Designs and Patents Act 1988 or under
the terms of a licence issued by the Copyright Licensing Agency,
Saffron House, 6-10 Kirby Street, London ECIN 8TS (www.cla.co.uk).
Applications for the copyright owner’s written permission should be
addressed to the publisher.

Printed in Italy by Lego S.p.A.

Acknowledgements

The author would like to thank his family for supporting him through
the ups and downs of the writing process, the physics students of
UWCRCN for unknowingly testing his ideas, Mitch Campbell for help
with astrophysics, his dog Ben for insisting that he take some fresh air
breaks and Per for making him go rock climbing when he thought he
didn’t have time.

The author and publisher would like to thank the following individuals
and organisations for permission to reproduce photographs:

(Key: b-bottom; c-centre; 1-left; r-right; t-top)

Alamy Images: Aerial Archives 184c, Bill Grant 339cr, Compix

169br, Julie Edwards 130c, Noam Armonn 142t]; Corbis: Bodo

Marks | dpa 150tl, Christophe Boisvieux 34c, George Steinmetz

282bc, Martial Trezzini [ epa 9t, Pierre Jacques 337c, Richard Du Toit |
Minden Pictures 140c, Stocktrek Images 412c, 430bl; Digital Vision:
451br; Erik Fendik: 450bl; Florence Hamper: 11cr, 12tc, 38bl,

472cl; Fotolia: andrei 448b, EcoPim-studio 247cr, gekaskr 216cr,
Gudellaphoto 350bc, nikkytok 374c, TEK IMAGE 272bl; Fotosearch:
385tc, 204bl; Getty Images: DA]J 356tc, Digital Vision | Photodisc
276bc, Hulton Archive 51bc, Image Source 157br, Oliver Furrer 458,
Pegasus [ Visuals Unlimited, Inc. 68c, PhotoDisc 444b, Rachel Husband
348c¢, Trout55 161bl; Glow Images: 65¢, 70bc, 92¢; Harcourt Ltd:
Tudor Photography 451t; ImageShow-POD: 37c¢; istockphoto: Lise
Gagne 445br; Ole Karsten Birkeland: 72tl; PASCO scientific
(www.pasco.com): 115br, 116bl, 133tr, 369tr, 387tc, 44cl;

Science Photo Library Ltd: 137bc, Alex Bartel 162tc, Andrew

Lambert Photography 164cl, 164tl, 194bl, 217tr, 235tl, B. McNamara
(University of Waterloo) | NASA | ESA [ STScl 450tr, Babak Tafreshi,
Twan 415cr, 417¢, Bernhard Edmaier 283bc, Carlos Munoz Yague |
Look At Sciences 204tl, Charles D. Winters 96tc, 120bc, Christian
Darkin 425c¢, David Nunuk 124c¢, David Parker 174tr, 402¢, Dept. of
Physics, Imperial College 232bc, Dr Arthur Tucker 106tl, Dr Mark

] Winter 4441, Edward Kinsman 49tc, Erich Schrempp 173tr,
Giphotostock 31bc, 235tr, Goronwy Tudor Jones, University of
Birmingham 243c, John Beatty 107bc, John Chumack 299tr, John
Sanford 420bl, K. H. Kjeldsen 450br, Kaj R. Svensson 129br, Lawrence
Berkeley Laboratory 221¢, 235cl, Lawrence Livermore National
Laboratory 228¢, Leonard Lessin 260cl, Mark Clarke 131c, Mark Sykes
105tc, Martin Bond 151br, 288cl, Martin Rietze | Westend61 270c,
Maximilien Brice, CERN 304c, Mehau Kulyk 236¢, NASA 401br, NASA
| Bill Ingalls 440bl, NASA | ESA [ STScI | J. Hester & P. Scowen, ASU
413b, NASA [ ESA | STScI | W. Colley & E. Turner, Princeton 435bc,
NASA [JPL-Caltech 433tc, National Optical Astronomy Observatories
425c¢, Pasieka 336¢, Pasquale Sorrentino 168tc, Philippe Plailly 60bc,
Photostock-Israel 274b, Physics Dept., Imperial College 424tc, Ria
Novosti 278cl, 444tr, Ronald Royer 417tr, Royal Astronomical Society
401t, Science Photo Library Ltd 445cl, 447tr, Seymour 250cl, Sheila
Terry 445c¢, 281cr, 310tr, Ted Kinsman 100bc, Tek Image 2c¢

Cover images: Front: CERN
All other images © Pearson Education

We are grateful to the following for permission to reproduce copyright
material:

Screenshots

Screenshot on page 165 from http:/fwww.falstad.com/ripple/, with
permission from Paul Falstad; Screenshots on page 165 from http://
audacity.sourceforge.net/ from Audacity with permission.

Text

Quote on page 3 from http:/[www.bipm.org/en/si/si_brochure/, The
International System of Units (SI), Bureau International des Poids

et Mesures, March 2006, reproduced with permission of the BIPM,
which retains full internationally protected copyright; Quote on page
351 from the IPCC website: The Intergovernmental Panel on Climate
Change (IPCC);Quote on page 444 from The Ultimate Quotable Einstein
(Alice Calaprice), with permission: The Albert Einstein Archives,

The Hebrew University of Jerusalem; Quote on page 451, The Albert
Einstein Archives, The Hebrew University of Jerusalem; Quote on
page 452 from Carl Sagan http:/[www.carlsagan.com/ with permission.

In some instances we have been unable to trace the owners of copyright
material, and we would appreciate any information that would enable
us to do so.

The Understandings, Applications and Skills, Guidance, Essential
ideas, past exam questions, corresponding mark schemes provided

in the eBook, and assessment criteria have been reproduced from

IB documents and past examination papers. Our thanks go to the
International Baccalaureate for permission to reproduce its intellectual
copyright. This material has been developed independently by the
publisher and the content is in no way connected with or endorsed by
the International Baccalaureate (IB). International Baccalaureate® is a
registered trademark of the International Baccalaureate Organization.

Every effort has been made to contact copyright holders of material
reproduced in this book. Any omissions will be rectified in subsequent
printings if notice is given to the publishers.

There are links to relevant websites in this book. In order to ensure that
the links are up to date and that the links work we have made the links
available on our website at www.pearsonhotlinks.co.uk. Search for this
title or ISBN 9781447959083.




Contents

Introduction

Measurements and uncertainties

I<

1.1 Measurements in physics 8
1.2 Uncertainties and errors 8
1.3 Vectors and scalars 24
Mechanics 34
2.1 Motion 35
2.2 Forces 52
2.3 Momentum and impulse 61
2.4 Work, energy, and power 73
Thermal physics 92
3.1  Thermal concepts 93
3.2 Modelling a gas 112
41 Circular motion 125
4.2 Gravitational field and orbits 132
5.1 Oscillations 141
5.2 Waves and wave behaviour 150
5.3 Two-dimensional waves (water waves) 161
54 Sound waves 166
5.5 Light waves 1717
6.1 FElectric fields 185
6.2 Electric current 192
6.3 Electric circuits 196
6.4 Magnetic effects of electric currents 216
Atomic, nuclear, and particle physics 228
7.1 Discrete energy and the interaction of matter with radiation 229
7.2 Properties of the nucleus and radioactivity 237

7.3 The structure of matter 253




Contents

Il Energy production 270
8.1 Energy production 271
8.2 Global thermal energy transfer 289
Il Option A: Relativity 304
9.1 The beginnings of relativity 305
9.2 |orentz transformations 312
9.3 Space-time diagrams 326
1/ Option B: Engineering physics 336
10.1 Rigid bodies and rotational dynamics 337
10.2 Thermodynamics 358
LAl Option C: Imaging 374
11.1 Introduction to imaging SIS
11.2 Imaging instrumentation 393
11.3 Fibre optics 404

Option D: Astrophysics

12.1 Stellar quantities 414
12.2 Stellar characteristics 422
12.3 Stellar evolution 430
12.4 Cosmology 434
Theory of Knowledge 444
Internal Assessment 454
Extended Essay 471
INdex 476



INntroduction

Author’s introduction to the second edition

Welcome to your study of IB Standard Level physics!  course content. While there is much new and updated
This second edition has been completely rewritten material, we have kept and refined the features that

to match the specifications of the new IB physics made the first edition so successful.

curriculum, and gives thorough coverage of the entire

Content

The book covers the three parts of the IB syllabus: the  in the Contents list. Each chapter starts with a list of
core and the options, of which you will study one. The the Essential ideas from the IB physics guide, which
sequence in which the sub-topics are covered is given = summarize the focus of each sub-topic.

Essential ideas

Thermal concepts

Thermal physics deftly demonstrates the links between the
macroscopic measurements essential to many scientific models with
the microscopic properties that underlie these models.

This is followed by an introduction, which gives with notes for guidance shown in italics where they
the context of the topic and how it relates to your help interpret the syllabus. The headings above the
previous knowledge. The relevant sections from the ~ Understandings, applications and skills boxes refer to
IB physics guide for each sub-topic are then givenas  the numbering within the IB guide.

boxes showing Understanding, applications and skills,

1.1 Measurements in physics

Understandings, applications, and skills:

Fundamental and derived Sl units
@ Using S| units in the correct format for all required measurements, final answers to calculations
and presentation of raw and processed data.

Guidance
e Sl unit usage and information can be found at the website of Bureau International des Poids et
Mesures. Students will not need to know the definition of SI units except where explicitly stated in the
relevant topics. Candela is not a required Sl unit for this course.
Scientific notation and metric multipliers
® Using scientific notation and metric multipliers.
Significant figures
Orders of magnitude
® Quoting and comparing ratios, values, and approximations to the nearest order of magnitude.
Estimation
e Estimating quantities to an appropriate number of significant figures.

The text covers the course content using plain been careful also to apply the same terminology you
language, with all scientific terms explained and will see in IB examinations in all worked examples
shown in italics as they are first introduced. We have  and questions.
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Introduction

Throughout the course you are encouraged to
think about the nature of scientific knowledge

and the responsibilities regarding scientists’ code
of conduct are also considered here. The emphasis

and the scientific process as it applies to physics. is not on learning any of these examples, but rather
Examples are given of the evolution of physical appreciating the broader conceptual themes in
theories as new information is gained, the use of context. We have included at least one example in
models to conceptualize our understanding, and each sub-section, and hope you will come up with
the ways in which experimental work is enhanced your own as you keep these ideas at the surface of
by modern technologies. Ethical considerations, your learning.

environmental impacts, the importance of objectivity,

A popular feature of the book is the different

These are used to enhance your learning as explained

coloured boxes interspersed through each chapter. below.

This is an overarching theme in the
course to promote concept-based
learning. Through the book you
should recognize some similar themes
emerging across different topics. We
hope they help you to develop your
own skills in scientific literacy.

In cold countries houses are
insulated to prevent heat from
escaping. Are houses in hot
countries insulated to stop heat
entering?

&

Newton'’s three laws of motion are a set of statements, based

on observation and experiment, that can be used to predict the
motion of a point object from the forces acting on it. Einstein
showed that the laws do not apply when speeds approach the
speed of light. However, we still use them to predict outcomes at
the lower velocities achieved by objects travelling in the lab.

©

The impact of the study of physics is global, and includes
environmental, political and socio-economic considerations.
Examples of this are given here to help you to see the
importance of physics in an international context.

Although the first ever engine

Applications of the topic through everyday examples was probably a steam turbine,

are described here, as well as brief descriptions of related
physical industries. This helps you to see the relevance

and context of what you are learning.

cylinders of expanding gas are
the basis of most engines.



at which they lose heat. When
you get hot, sweat comes out

of your skin onto the surface These give background information that will add to

People sweat to increase the rate (

of your body. When the sweat your wider knowledge of the topic and make links
evaporates, it cools you down. In

a sauna there is so much water with other topics and subjects. Aspects such as
vapour in the air that the sweat historic notes on the life of scientists and origins of
doesn't evaporate. names are included here.

@ @ Specific heat capacity of a metal

These indicate links to ideas for A metal sample is first heated to a known temperature. The most

lab work and experiments that convenient way of doing this is to place it in boiling water for a few
) p o minutes; after this time it will be at 100°C. The hot metal is then
will support your learning in the

quickly moved to an insulated cup containing a known mass of cold
course, and help you prepare for the water. The hot metal will cause the temperature of the cold water to
Internal Assessment. Some specific rise; the rise in temperature is measured with a thermometer. Some

experimental work is compulsory, and example temperatures and masses are given in Figure 3.34.

further details of this are in the eBook.

We perceive how hot or cold

something is with our senses
but to quantify this we need a These stimulate thought and consideration of knowledge issues

measurement. as they arise in context. Each box contains open questions to help
trigger critical thinking and discussion.

Solid — liquid
Specific latent heat of fusion

These key facts are drawn out of the main text and highlighted in Liquid — gas
bold. This will help you to identify the core learning points within Specific latent heat of
each section. They also act as a quick summary for review. vaporization

There are two versions of the
equation for centripetal force.

Speed version:

Fome These give hints on how to approach questions, and suggest

approaches that examiners like to see. They also identify common
pitfalls in understanding, and omissions made in answering
questions.

r
Angular speed version:

F=maw?r

Vii
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Introduction

Challenge yourself

: , CHALLENGE
These boxes contain open questions that YOURSELF
encourage you to think about the topic in
more depth, or to make detailed connections 1 Acar of mass 1000kg is driving

: . . around a circular track with radius
with other topics. They are designed to be 50 m. [f the coefficient of friction
challenging and to make you think. between the tyres and road is 0.8,

calculate the maximum speed of
the car before it starts to slip. What
would the maximum speed be if
the track was banked at 45°?

Towards the end of the book, there are three appendix chapters: Theory of Knowledge as it relates to physics,
and advice on the Extended Essay and Internal Assessment.

eBook
In the eBook you will find the following:

o Interactive glossary of scientific words used in the course
» Answers and worked solutions to all exercises in the book
e Summary and labs worksheets

e Interactive quizzes

* Animations

e Videos

For more details about your eBook, see the following section.

Questions

There are three types of question in this book:

1. Worked example with solution

These appear at intervals in the text and are used to the solution, which shows the thinking and the steps
illustrate the concepts covered. They are followed by used in solving the problem.

Worked example

A car of mass 1000 kg accelerates from rest to 100kmh™ in 5 seconds. What is the
average power of the car?

Solution

100kmh™" =28 ms™!

The gain in KE of the car = 3mv? = 1 x 1000 x 28 = 392k]

If the car does thisin 5s then

work done _392

—==784kw

power= time 5



2. Exercises

These questions are found throughout the text. They ~ The answers to these are given in the eBook at the
allow you to apply your knowledge and test your end of each chapter.
understanding of what you have just been reading.

Exercises

7 Calculate the mass of air in a room of length 5m, width 10m, and height 3 m.
8 Calculate the mass of a gold bar of length 30cm, width 15cm, and height 10cm.
9 Calculate the average density of the Earth.

These questions are found at the end of each chapter.  examiners when marking these questions are given
They are mostly taken from previous years’ IB in the eBook, at the end of each chapter.
examination papers. The mark-schemes used by

Practice questions

1. This question is about energy sources.

(a) Fossil fuels are being produced continuously on Earth and yet they are classed as
being non-renewable. Outline why fossil fuels are classed as non-renewable. (2)

(b) Some energy consultants suggest that the solution to the problem of carbon dioxide
pollution is to use nuclear energy for the generation of electrical energy. Identify two
disadvantages of the use of nuclear fission when compared to the burning of fossil
fuels for the generation of electrical energy. (2)

(Total 4 marks)

Full worked solutions to all exercises and practice questions can be found in the eBook, as well as regular
answers.

) Hotlinks boxes can be found throughout the book, indicating that there are weblinks available for
further study. To access these links go to www.pearsonhotlinks.com and enter the ISBN or title of
this book. Here you can find animations, simulations, movie clips and related background material,
which can help to deepen your interest and understanding of the topic.

I hope you enjoy your study of IB physics.

Chris Hamper
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Positioning of solar
panels

Solar panels are positioned
so that they absorb
maximum sunlight in the
middle of the day. On the
Equator the Sun is directly
overhead at midday so

the panels are placed
horizontally, but in other
countries the position of
the Sun changes with the
5easons, SO a compromise
has to be made. In
countries with less sunshine
(lots of clouds) the position
is not so important because
the sunlight does not come
from one direction (it is
said to be diffuse).

Figure 8.19 A photovoltaic
il cell with detail of anti-
reflective coating

Changing phase from
solid to liquid requires

a lot of energy (latent
heat of fusion) so when
a solid changes back to
aliquid a lot of energy
must be released. This

is why molten salts are
used to transfer energy in
the solar power station.
Furthermore, the salts
will stay hot long after
the Sun has gone down,
making it possible for the
power station to produce
electricity at night.

®o88cccccce

Hundreds of mirrors focus
sunlight onto the central
boiler of this power plant in
California,

282
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Energy produbtion

Photovoltaic cell

The photovoltaic cell is a - ++

semiconductor device based on a PN - |+

junction that converts solar energy P-type i N-type
directly into electrical energy. A PN {moving holes) T * . (moving electrons)
junction is a slice of semiconductor .

where one side has been doped with - +

impurities with holes and the other side

impurities with electrons. At the

junction between the N and P the

electrons and holes migrate to give a region of electric
field as shown in Figure 8.18.

depletion layer
(electrons fill holes)

Figure 8.18 A PN junction.

Light incident on the N-type semiconductor can cause more free electrons to be
emitted by a process known as the photovoltaic effect. The electric field at the junction
traps the electrons on this side, creating a potential difference across the slice. If
connected to a circuit, current will flow. Figure 8.19 shows the different parts of the
photovoltaic cell. Notice the top contact does not cover the whole top, leaving space
for the light to get to the PN junction. Silicon is very shiny so an anti-reflective layer is
added to reduce energy loss by reflection. Light reflecting off the top layer of this very
thin film undergoes a phase change of 1 whereas light reflected off the bottom layer
doesn’t. The reflected light therefore interferes destructively reducing energy loss.

incident reflected
top contact

glass cover

anti-reflective
layer

PN junction

bottom contact anti-reflective coating

Solar power station

An alternative approach to placing solar panels on houses is to build solar power
stations outside cities; here solar energy is converted to electricity on a large scale,

and transmitted to the users via cables. This can be done either with huge arrays of
photovoltaic cells or by using mirrors to focus the sunlight onto a central boiler; here,
salts are melted and used to heat steam that powers turbines as in other power stations.

This is an approximation of what your eBook will look like and not an exact reproduction



See the definitions of key terms in the glossary

Create a bookmark ~ ,.* Switch to whiteboard view
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Do exercises 8, 9 and 10 for homework.
increase? (S
9 A photovoltaic ¢

(a) Ifitis15% e

(b) If the poreanrence o e e o, "how muah conent e produced? (Remember
power = [V)

(c) If 10 of these cells were placed in series, what would the total potential difference be?

(d) If 10 of these cells were placed in parallel, what would the current be?

(e) How many of these cells would you need to produce 100 W?

10 Draw a Sankey diagram for a photovoltaic cell

Hydroelectric power

It may not be obvious at first, but the energy converted into electrical energy by
hydroelectric power stations comes originally from the Sun. Heat from the Sun

turns water into water vapour, forming clouds. The clouds are blown over the land
and the water vapour turns back into water as rain falls. Rain water falling on high
ground has PE that can be converted into electricity (see Figure 8.20). Some countries
like Norway have many natural lakes high in the mountains and the energy can be
utilized by simply drilling into the bottom of the lake. In other countries rivers have to
be dammed.
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The Hoover Dam in Colorado
can generate 1.5 x 10° watts.

>
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Essential ideas

Measurements in physics

Since 1948, the Systéme International d’Unités (Sl) has been used
as the preferred language of science and technology across the
globe and reflects current best measurement practice. A common
standard approach is necessary so units ‘are readily available to all,
are constant through time and space, and are easy to realize with
high accuracy’ — France: Bureau International des Poids et Mesures,
organisation intergouvernementale de la Convention du Metre, The
International System of Units (Sl), Bureau International des Poids et
Mesures, March 2006. Web: 21 May 2012.

Uncertainties and errors

Scientists aim towards designing experiments that can give a ‘true value’
from their measurements, but due to the limited precision in measuring
devices they often quote their results with some form of uncertainty.

Vectors and scalars

Some quantities have direction and magnitude, others have
magnitude only, and this understanding is key to correct
manipulation of quantities. This subtopic will have broad applications
across multiple fields within physics and other sciences.

NATURE OF SCIENCE

Physics is about modelling the physical Universe so that we can predict outcomes but
before we can develop models we need to define quantities and measure them. To
measure a quantity we first need to invent a measuring device and define a unit. When
measuring we should try to be as accurate as possible but we can never be exact,
measurements will always have uncertainties. This could be due to the instrument or
the way we use it or it might be that the quantity we are trying to measure is changing.

<3

Measurements in physics

1.1 Measurements in physics

Understandings, applications, and skills:

Fundamental and derived Sl units
® Using Sl units in the correct format for all required measurements, final answers to calculations
and presentation of raw and processed data.
Guidance
e Sl unit usage and information can be found at the website of Bureau International des Poids et
Mesures. Students will not need to know the definition of SI units except where explicitly stated in the
relevant topics. Candela is not a required Sl unit for this course.
Scientific notation and metric multipliers
® Using scientific notation and metric multipliers.
Significant figures
Orders of magnitude
® Quoting and comparing ratios, values, and approximations to the nearest order of magnitude.
Estimation
e Estimating quantities to an appropriate number of significant figures.

If used properly a Vernier
calliper can measure small
lengths to within +0.02 mm.



Figure 1.1 Making
observations came
before science.

If the system of numbers

had been totally different,
would our models of the

Universe be the same?

easurements and uncertainties

Making observations

Before we can try to understand the Universe we have to observe it. Imagine you are a
cave man/woman looking up into the sky at night. You would see lots of bright points
scattered about (assuming it is not cloudy). The points are not the same but how can
you describe the differences between them? One of the main differences is that you
have to move your head to see different examples. This might lead you to define their
position. Occasionally you might notice a star flashing so would realize that there are
also differences not associated with position, leading to the concept of time. If you
shift your attention to the world around you you'll be able to make further close-range
observations. Picking up rocks you notice some are easy to pick up while others are
more difficult; some are hot, some are cold, and different rocks are different colours.
These observations are just the start: to be able to understand how these quantities are
related you need to measure them but before you do that you need to be able to count.

Numbers

Numbers weren't originally designed for use by physics students: they were for
counting objects.

2 apples + 3 apples = 5 apples
2+3=5
2 x 3 apples = 6 apples

6 apples
5 =3apples

So the numbers mirror what is happening to the apples. However, you have to be
careful: you can do some operations with numbers that are not possible with apples.
For example:

(2 apples)? = 4 square apples?



Standard form

In this course we will use some numbers that are very big and some that are

very small. 602000 000000000000000000 is a commonly used number as is
0.000000000000000000 16. To make life easier we write these in standard form.
This means that we write the number with only one digit to the left of the decimal
place and represent the number of zeros with powers of 10.

So

602000000000 000000000000 = 6.02 x 10?* (decimal place must be shifted
right 23 places)

0.000000000000000000 16 = 1.6 x 107*? (decimal place must be shifted left 19 places).

Exercise

1 Write the following in standard form.

(a) 48000

(b) 0.000 036
(c) 14500

(d) 0.000000 48

Measurement

We have seen that there are certain fundamental quantities that define our Universe.
These are position, time, and mass.

Distance

Before we take any measurements we need to define the quantity. The quantity that
we use to define the position of different objects is distance. To measure distance we
need to make a scale and to do that we need two fixed points. We could take one fixed
point to be ourselves but then everyone would have a different value for the distance to
each point so we take our fixed points to be two points that never change position, for
example the ends of a stick. If everyone then uses the same stick we will all end up with
the same measurement. We can’t all use the same stick so we make copies of the stick
and assume that they are all the same. The problem is that sticks aren’t all the same
length, so our unit of length is now based on one of the few things we know to be the
same for everyone: the speed of light in a vacuum. Once we have defined the unit, in
this case the metre, it is important that we all use it (or at least make it very clear if we
are using a different one). There is more than one system of units but the one used in
this course is the SI system (International system). Here are some examples of distances
measured in metres.
The distance from Earth to the Sun =1.5 x 10" m
The size of a grain of sand =2 x 10™*m
The distance to the nearest star = 4 x 10'm
The radius of the Earth = 6.378 x 10 m

Exercise

2 Convert the following into metres (m) and write in standard form:

(a) Distance from London to New York = 5585 km.

(b) Height of Einstein was 175cm.

(c) Thickness of a human hair = 25.4 um.

(d) Distance to furthest part of the observable Universe = 100000 million million million km.

Itis also acceptable to use
a prefix to denote powers
of 10.

Prefix Value
T (tera) 1012
G (giga) 10°

M (mega) | 10°

k (Kilo) 108

¢ (centi) 1072

m (milli) 1073

u (micro) 106

n (nano) 107

p (pico) 10712
f (femto) 107

If you set up your
calculator properly it will
always give your answers
in standard form.

Realization that the speed
of light in a vacuum is

the same no matter who
measures it led to the
speed of light being the
basis of our unit of length.

The metre

The metre was originally
defined in terms of
several pieces of metal
positioned around Paris.
This wasn't very accurate
SO now one metre is
defined as the distance
travelled by lightin a
vacuum in 29971% of
a second.



The second

The second was
originally defined as a
fraction of a day but
today’s definition is ‘the
duration of 9192631770
periods of the radiation
corresponding to the
transition between the
two hyperfine levels of
the ground state of the
caesium-133 atom”.

If nothing ever happened,
would there be time?

The kilogram

The kilogram is the only
fundamental quantity that
is still based on an object
kept in Paris. Moves are
underway to change the
definition to something
that is more constant and
better defined but does
it really matter? Would
anything change if the
size of the 'Paris mass’
changed?

"Measurements and uncertainties

Time
When something happens we call it an event. To distinguish between different events

we use time. The time between two events is measured by comparing to some fixed
value, the second. Time is also a fundamental quantity.

Some examples of times:
Time between beats of a human heart=1s
Time for the Earth to go around the Sun =1 year
Time for the Moon to go around the Earth = 1 month

Exercise

3 Convert the following times into seconds (s) and write in standard form:

(a) 85 years, how long Newton lived.

(b) 2.5ms, the time taken for a mosquito’s wing to go up and down.

(c) 4 days, the time it took to travel to the Moon.

(d) 2 hours 52min 59s, the time for Concord to fly from London to New York.

Mass

If we pick different things up we find another difference. Some things are easy to lift
up and others are difficult. This seems to be related to how much matter the objects
consist of. To quantify this we define mass measured by comparing different objects to
a piece of metal in Paris, the standard kilogram.

Some examples of mass:
Approximate mass of a man = 75kg
Mass of the Earth = 5.97 x 10**kg
Mass of the Sun = 1.98 x 10*°kg

Exercise

4  Convert the following masses to kilograms (kg) and write in standard form:

(a) The mass of an apple = 200g.
(b) The mass of a grain of sand = 0.00001 g.
(c) The mass of a family car = 2 tonnes.

Volume

The space taken up by an object is defined by the volume. Volume is measured in cubic
metres (m?). Volume is not a fundamental unit since it can be split into smaller units
(m x m x m). We call units like this derived units.

Exercises

5 Calculate the volume of a room of length 5m, width 10m, and height 3 m.
6 Using the information from page 5, calculate:

(a) the volume of a human hair of length 20cm.
(b) the volume of the Earth.

Density

By measuring the mass and volume of many different objects we find that if the objects
are made of the same material, the ratio mass/volume is the same. This quantity is
called the density. The unit of density is kgm™. This is another derived unit.



Examples include:

Density of water = 1.0 x 10°kgm™
Density of air = 1.2kgm™
Density of gold =1.93 x 10*kgm™

Exercises

7 Calculate the mass of air in a room of length 5m, width 10m, and height 3 m.
8 Calculate the mass of a gold bar of length 30cm, width 15cm, and height 10cm.
9 Calculate the average density of the Earth.

Displacement

So far all that we have modelled is the position of objects and when events take place,
but what if something moves from one place to another? To describe the movement T
of a body, we define the quantity displacement. This is the distance moved in a

particular direction.

The unit of displacement is the same as length: the metre.

Example:
- (RaaRaRanal
Refer to the map in Figure 1.2. 5km

If you move from B to C, your displacement will be 5km north.

If you move from A to B, your displacement will be 4km west.
Figure 1.2 Displacements on

a map.
Angle

When two straight lines join, an angle is formed.
The size of the angle can be increased by rotating
one of the lines about the point where they join

(the vertex) as shown in Figure 1.3. To measure
angles we often use degrees. Taking the full circle

to be 360° is very convenient because 360 has many
whole number factors so it can be divided easily by
e.g. 4, 6, and 8. However, it is an arbitrary unit not
related to the circle itself.

Figure 1.3 The angle between
two lines.

If the angle is increased by rotating line A the arc lengths will also increase. So for
this circle we could use the arc length as a measure of angle. The problem is that if we
take a bigger circle then the arc length for the same angle will be greater. We therefore
define the angle by using the ratio { which will be the same for all circles. This unit is
the radian.

For one complete circle the arc length is the circumference = 27r so the angle 360° in

radians = 2% = 2.

So 360° is equivalent to 2.

Since the radian is a ratio of two lengths it has no units.

Summary of Sl units

The International System of units is the set of units that are internationally
agreed to be used in science. It is still OK to use other systems in everyday life
(miles, pounds, Fahrenheit) but in science we must always use SI. There are seven
fundamental (or base) quantities.



Table 1.1 The seven
fundamental quantities
and their units.

The candela will not be
used in this course.

C

Table 1.2 Some Sl
derived quantities.

In physics experiments
we always quote the
uncertainties in our
measurements. Shops
also have to work within
given uncertainties and
will be prosecuted if they
overestimate the weight
of something.

"Measurements and uncertainties

Base quantity Unit

length metre m
mass kilogram kg
time second s
electric current ampere A
thermodynamic temperature kelvin K
amount of substance mole mol
luminous intensity candela cd

All other SI units are derived units; these are based on the fundamental units and will
be introduced and defined where relevant. So far we have come across just two.

Derived quantity Symbol Base units
volume m3 mxmxm
: kg

-3
density kgm X

Uncertainties and errors

1.2 Uncertainties and errors

Understandings, applications, and skills:

Random and systematic errors

® Explaining how random and systematic errors can be identified and reduced.

Absolute, fractional, and percentage uncertainty

e Collecting data that include absolute and/or fractional uncertainties and stating these as an
uncertainty range (expressed as: [best estimate] + [uncertainty range]).
Guidance
e Analysis of uncertainties will not be expected for trigonometric or logarithmic functions in

examinations.

Error bars

® Propagating uncertainties through calculations involving addition, subtraction, multiplication,
division, and raising to a power.

Uncertainty of gradient and intercepts

® Determining the uncertainty in gradients and intercepts.

NATURE OF SCIENCE

When counting apples we can say there are exactly 6 apples but if we measure the
length of a piece of paper we cannot say that it is exactly 21 cm wide. All measurements
have an associated uncertainty and it is important that this is also quoted with the
value. Uncertainties can't be avoided but by carefully using accurate instruments they
can be minimized. Physics is all about relationships between different quantities. If the
uncertainties in measurement are too big then relationships are difficult to identify.
Throughout the practical part of this course you will be trying to find out what causes
the uncertainties in your measurements. Sometimes you will be able to reduce them
and at other times not. It is quite alright to have big uncertainties but completely
unacceptable to manipulate data so that it appears to fit a predicted relationship.
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Uncertainty and error in measurement

The ST system of units is defined so that we all use the same sized units when

building our models of the physical world. However, before we can understand the
relationship between different quantities, we must measure how big they are. To make
measurements we use a variety of instruments. To measure length, we can use a ruler
and to measure time, a clock. If our findings are to be trusted, then our measurements
must be accurate, and the accuracy of our measurement depends on the instrument
used and how we use it. Consider the following examples below.

Even this huge device at
CERN has uncertainties.

Measuring length using a ruler

Example 1

A good straight ruler marked in mm is
used to measure the length of a
rectangular piece of paper as in Figure 1.4.

The ruler measures to within 0.5 mm (we
call this the uncertainty in the measurement)
so the length in cm is quoted to 2 dp. This
measurement is precise and accurate. This
can be written as 6.40 + 0.05 cm which
tells us that the actual value is somewhere
between 6.35 and 6.45 cm.

Example 2

Figure 1.5 shows how a ruler with a broken
end is used to measure the length of the
same piece of paper. When using the ruler,
you fail to notice the end is broken and

think that the 0.5 cm mark is the zero mark.

This measurement is precise since the
uncertainty is small but is not accurate
since the value 6.90 cm is wrong.

Figure 1.4
Length = 6.40 + 0.05cm.

Figure 1.5
Length #6.90 + 0.05 cm.

Estimating uncertainty

When using a scale such
as a ruler the uncertainty
in the reading is half of
the smallest division. In
this case the smallest
division is T mm so the
uncertainty is 0.5mm.
When using a digital
device such as a balance
we take the uncertainty as
the smallest digit. So if the
measurement is 20.5g the
uncertainty is +0.1g.

If you measure the
same thing many times
and get the same value,
then the measurement
is precise.

If the measured

value is close to the
expected value, then
the measurement is
accurate. If a football
player hit the post 10
times in a row when
trying to score a goal,
you could say the
shots are precise but
not accurate.



Figure 1.7
Height =42+ 0.2 cm.

Figure 1.8 Precise or
accurate?

It is not possible to
measure anything exactly.
This is not because our
instruments are not exact
enough but because the
quantities themselves

do not exist as exact
quantities.

10
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Example 3

A cheap ruler marked only in %cm is c
used to measure the length of the paper as (I) T2 3 4 5 6 7

in Figure 1.6.

These measurements are not precise but
accurate, since you would get the same .
Figure 1.6

value every time. Length = 6.5 % 0.25 cm.

Example 4

In Figure 1.7, a good ruler is used to measure the maximum height of a bouncing ball.
Even though the ruler is good it is very difficult to measure the height of the bouncing
ball. Even though you can use the scale to within 0.5 mm, the results are not precise
(may be about 4.2 cm). However, if you do enough runs of the same experiment, your
final answer could be accurate.

Precision and accuracy

To help understand the difference between precision and accuracy, consider the four
attempts to hit the centre of a target with 3 arrows shown in Figure 1.8.

@;%
o CN
27— \ >
<
)7

Precise and Precise but Not precise Not precise and
accurate not accurate but accurate not accurate

A The arrows were fired accurately at the centre with great precision.

B The arrows were fired with great precision as they all landed near one another, but
not very accurately since they are not near the centre.

C The arrows were not fired very precisely since they were not close to each other.
However, they were accurate since they are evenly spread around the centre. The
average of these would be quite good.

D The arrows were not fired accurately and the aim was not precise since they are far
from the centre and not evenly spread.

So precision is how close to each other a set of measurements are and the accuracy is how
close they are to the actual value.

Errors in measurement

There are two types of measurement error — random and systematic.

Random error

If you measure a quantity many times and get lots of slightly different readings then
this called a random error. For example, when measuring the bounce of a ball it is very
difficult to get the same value every time even if the ball is doing the same thing.
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This is when there is something wrong with the measuring device or method. Using a
ruler with a broken end can lead to a ‘zero error’ as in Example 2 on page 9. Even with
no random error in the results, you'd still get the wrong answer.

Systematic error

Reducing errors

To reduce random errors you can repeat your measurements. If the uncertainty is truly
random, they will lie either side of the true reading and the mean of these values will
be close to the actual value. To reduce a systematic error you need to find out what is
causing it and correct your measurements accordingly. A systematic error is not easy
to spot by looking at the measurements, but is sometimes apparent when you look at
the graph of your results or the final calculated value.

Adding uncertainties

If two values are added together then the uncertainties also add. For example, if

we measure two lengths L; = 5.0 + 0.1 cm and L, = 6.5 + 0.1 cm then the maximum
value of L, is 5.1 cm and the maximum value of L, is 6.6 cm so the maximum value of
L, + L, =11.7 cm. Similarly, the minimum value is 11.3 cm. We can therefore say that
L+L,=11.5+0.2cm.

It y=aztbh then Ay=Aa+Ab

If you multiply a value by a constant then the uncertainty is also multiplied by the
same number.

So 2L,=10.0+0.2cm and %Ll =2.50+0.05 cm.

Example of measurement and uncertainties

Let us consider an experiment to measure the mass and volume of a piece of plasticine
(modelling clay). To measure mass we can use a top pan balance so we take a lump of
plasticine and weigh it. The result is 24.8 g. We can repeat this measurement many times
and get the same answer; there is no variation in the mass so the uncertainty in this
measurement is the same as the uncertainty in the scale. The smallest division on the
balance used is 0.1 g so the uncertainty is +0.1g.

So mass =24.8+0.1g.

To measure the volume of the plasticine we first need to mould it into a uniform

shape: let’s roll it into a sphere. To measure the volume of the sphere we measure its

3
diameter (V = 450,

Ball of plasticine measured
Making an exact sphere out of the plasticine isn’t easy; if we do it many times we will with a ruler.

get different shaped balls with different diameters so let’s try rolling the ball 5 times

and measuring the diameter each time with a ruler.

Using the ruler, we can only judge the diameter to the nearest mm so we can say that
the diameter is 3.5 0.1 cm. It is actually even worse than this since we also have to
line up the zero at the other end, so 3.5 + 0.2 cm might be a more reasonable estimate.
If we turn the ball round we get the same value for d. If we squash the ball and make a
new one we will still get a value of 3.5 + 0.2 cm. This is not because the ball is a perfect
sphere every time but because our method of measurement isn't sensitive enough to
measure the difference.

11



Measurements and uncertainties

Let us now try measuring the ball with a vernier calliper.

A vernier calliper has sliding
jaws which are moved so they
touch both sides of the ball.

The vernier calliper can measure to the nearest 0.002 cm. Repeating measurements of
the diameter of the same lump of plasticine might give the results in Table 1.3.

the diameter of a lump of
plasticine. 3.640 | 3.450 | 3.472 | 3500 | 3.520 | 3.520 | 3.530 | 3.530 | 3.432

3.540 | 3.550 | 3,550 | 3.560 | 3.560 | 3.570 | 3.572 | 3.582 | 3.582

The reason these are not all the same is because the ball is not perfectly uniform and

if made several times will not be exactly the same. We can see that there is a spread of
data from 3.400 cm to 3.570 cm with most lying around the middle. This can be shown
on a graph but first we need to group the values as in Table 1.4.

Distribution of measurements

Figure 1.9 Distribution of 29
measurements of diameter. g
[T}
5 8 V.
@0 /
o / \
£
S 7 4
2 \
£
2 6 ¥
\
Range/cm No. of 5 \
values
within
4 \
range
3.400-3.449 1 3 \
3.450-3.499 2 \
\
3.500-3549 6 2 1
T \
3.550-3.599 8 . i
3.600-3.649 1
0
A 3.35 3.40 3.45 3.50 3.55 3.60
Table 1.4. diameter/cm
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Even with this small sample of measurements you can see in Figure 1.9 that there is a
spread of data: some measurements are too big and some too small but most are in the
middle. With a much larger sample the shape would be closer to a ‘normal distribution’
as in Figure 1.10.
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3.35 3.40 3.45 3.50 3.55 3.60 3.65
diameter/cm

The mean

At this stage you may be wondering what the point is of trying to measure something
that doesn't have a definite value. Well, we are trying to find the volume of the
plasticine using the formula V = 473”} . This is the formula for the volume of a perfect
sphere. The problem is we can’t make a perfect sphere; it is probably more like the
shape of an egg so depending on which way we measure it, sometimes the diameter
will be too big and sometimes too small. Now it is just as likely to be too big as too
small so if we take the mean of all our measurements we should be close to the ‘perfect

sphere’ value which will give us the correct volume of the plasticine.

The mean or average is found by adding all the values and dividing by the number

of values. In this case the mean = 3.537 cm. This is the same as the peak in the
distribution. We can check this by measuring the volume in another way; for example,
sinking it in water and measuring the volume displaced. Using this method gives a
volume = 23 cm®. Rearranging the formula gives r = %/%

Substituting for V gives d = 3.53 cm which is fairly close to the mean. Calculating the
mean reduces the random error in our measurement.

There is a very nice example of this that you might like to try with your friends. Fill a
jar with jellybeans and get your friends to guess how many there are. Assuming that
they really try to make an estimate rather than randomly saying a number, the guesses
are just as likely to be too high as too low. So, if after you collect all the data you find
the average value, it should be quite close to the actual number of beans.

Figure 1.10 Normal
distribution curve.
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If the data follows a
normal distribution 68%
of the values should

be within one standard
deviation of the mean.

In the example given this
would mean that 68% of
the measurements should
be between 3.49 and

359 cm. \
\
\
\
\
\
\
\
\
Number  Mass (m)/g
(N)
1 100
2 200
3 300
4 400
5 500
6 600

14

Table 1.6 The relationship
between the mass and the

number of apples.

easurements and uncertainties

Standard deviation

The standard deviation tells us how spread out
the data is from the mean. It is calculated by

x/cm Ax/cm Ax*/cm?

3.432 -0.105 0.01096

using the following formula: 3.450 | -0.087 0.00751
i- j (Ax))? + (Ax)? + ... + (Axy)? 3472 | -0.065 | 0.00418
- N-1

3.500 -0.037 0.00134
The Ax terms are the difference between the

value and the mean and N is the total number 3.520 -0.017 0.00028
of values. This has been calculated in Table 1.5. 3520 _0.017 0.00028
The standard deviation gives us an idea of 3.530 ~0.007 0.00004

the size of the random variations in the data

enabling us to estimate the uncertainty in the 3.230 | -0.007 0.00004

measurement. In this case we could say that 3.540 0.003 0.00001

the uncertainty is +0.05 cm so we can only
3.550 0.013 0.00018

quote the value to 2 decimal places:

d=3.54+0.05cm 3.550 0.013 0.00018

Note: This is quite a lot more than the 3.560 0.023 0.00054

uncertainty in the measuring device, which 3.560 0.023 0.00054

was +0.002 cm. If the calculated uncertainty is

.. : 3.570 0.033 0.00111
smaller than the uncertainty in the measuring

instrument we use the larger value. 3.572 0.035 0.001 25

In Excel the function STDEV(A2:A19) will do 3.582 0.045 0.002 06

all the calculations for you where (A2:A19)
is the range of values you want to find the

3.582 0.045 0.00206

standard deviation for. In this example the 3.640 0.103 0.01068
range is from A2 to A19, but this would Mean value Standard deviation
depend on your table. 3537 cm 0.05043 cm
Smaller samples Table 1.5.

You will be collecting a lot of different types of data throughout the course but

you won't often have time to repeat your measurements enough to get a normal
distribution. With only 4 values the uncertainty is not reduced significantly by
taking the mean so half the range of values is used instead. This often gives a slightly
exaggerated value for the uncertainty — for the example above it would be £+ 0.1cm —
but it is an approach accepted by the IB.

Relationships

In physics we are very interested in the relationships between two quantities; for
example, the distance travelled by a ball and the time taken. To understand how we
represent relationships by equations and graphs, let us consider a simple relationship
regarding fruit.

Linear relationships

To make this simple let us imagine that all apples have the same mass, 100g. To find the
relationship between number of apples and their mass we would need to measure the mass
of different numbers of apples. These results could be put into a table as in Table 1.6.



In this example we can clearly see that

2 600
the mass of the apples increases by the A
same amount every time we add an E
apple. We say that the mass of apples is 200
proportional to the number. If we draw
a graph of mass vs number we get a 400
straight line passing through the origin
as in Figure 1.11. 300
The gradient of this line is given by
—ﬁ—i— =100g/apple. The fact that the line is 200
straight and passing through the origin
can be used to test if two quantities are 100
proportional to each other.
The equation of the line is y = mx 0
where m is the gradient so in this 0 2 3 4 > 6

case m=100g apple.

This equation can be used to calculate the mass of any given number of apples. This is
a simple example of what we will spend a lot of time doing in this course.

To make things a little more complicated let’s consider apples in a basket with mass
500g. The table of masses is shown in Table 1.7.

1200

=]

=2
w
wv
<
£

1100

1000

900

800

700

600

500

400

300

200

0 1 2 3 4 5 6
number of apples

The slope in Figure 1.12 is still 100 g/apple indicating that each apple still has a mass of
100 g, but the intercept is no longer (0, 0). We say that the mass is linearly related to the
number of apples but they are not directly proportional.

The equation of this line is y = mx + ¢ where m is the gradient and c the intercept on the
y-axis. The equation in this case is therefore y = 100x + 500.

number of apples

Figure 1.11 Graph of mass vs

number of apples.

Number Mass
(V) (m)/g

1 600

2 700

3 800

4 900

5 1000

6 1100

Table 1.7.

Figure 1.12 Graph of mass vs
number of apples in a basket.

It is much easier to plot
data from an experiment
without processing

it but this will often
lead to curves that are
very difficult to draw
conclusions from. Linear
relationships are much
easier to interpret so
worth the time spent
processing the data.
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Figure 1.14 Five circles
of green paper.

1

Tcm

2cm 3cm

Radius/m = Area/m?

1 3.14

2 12.57

3 28.27

4 50.27

5 78.54
Table 1.8.

Figure 1.15 Graph of area of

16

green circles vs radius.

Exercise

10 What conclusions can you make about the data displayed in the graphs in Figure 1.13?

21000 /v @100 £ . =1000 A
a x/ a x/ a
g 800 / g 800 / g 800

a
600 /’/ 600 / 600 /
400 / 400 /I

S,
S,

/
400 /x - 7
2004/ 2004 200 .S
0 0 0 /
0 2 3 45 6 0 2 3 45 6 0 2 3 45 6
number of apples number of apples number of apples

Figure 1.13.

Nonlinear relationships

Moving away from fruit but keeping the round theme, let us now consider the
relationship between radius and the area of circles of paper as shown in Figure 1.14.

The results are recorded in
Table 1.8.

4cm 5cm

If we now graph the area vs the radius we get the graph shown in Figure 1.15.

80

area/m?

70 /

60 /

50

40 /

30

N
\\

20 7

0 1 2 3 4 5
radius/m



This is not a straight line so we cannot deduce that area is linearly

Radius/m r’/m? Area/m?
related to radius. However, you may know that the area of a circle is
given by A = m? which would mean that A is proportional to 1% To test 1 1 3.14
this we can calculate r? and plot a graph of area vs r* (Figure 1.16). The 2 4 12.57
calculations are shown in Table 1.9.
3 9 28.27
This time the graph is linear, confirming that the area is indeed
proportional to the radius?. The gradient of the line is 3.14 = m. So the 4 16 50.27
equation of the line is A = 7r? as expected. 5 25 7854
~ 80 A
E At Table 1.9.
g
< 70
60 as
pd
/'
50 =
40 ~
pd
/'
30 ]
/,
20 7
X
10 ~
W
0 Figure 1.16 Graph of area of
0 > 10 15 20 25 green circles vs radius’.
radius?/m?
Using logs

It may be a bit early in the course to start using logs but it might be a useful technique
to use in your practical work so here we go. In the previous exercise we knew that

A =nr? but if we hadn’t known this we could have found the relationship by plotting a
log graph. Let’s pretend that we didn’t know the relationship between A and r, only that

they were related. So it could be A = kr2 or A = ki® or even A = k1.

We can write all of these in the form A = kr"

Now if we take logs of both sides of this equation we get log A =log kr" =log k + nlog r.

This is of the form y = mx + ¢ so where log A isy and log ris x. Tab: 1.10.
So if we plot log A vs1 houl
oihweplotiog Avsiog rive shou dgeta Radius/m Area/m? Log A Log r

straight line with gradient n and intercept

log k. This is all quite easy to do if using a 1 3.14 0.4969 0.0000

spreadshefet, r'esultmg in Table 1.10 and ) 12.57 10993 03010

the graph in Figure 1.17.
3 28.27 1.4513 0.4771
4 50.27 1.7013 0.6021
5 78.54 1.8951 0.6990
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Figure 1.17 Log A vs log r for :» 2.0
the green paper discs. 2 >
1
1
7
1.5 ¢
T
1
T
X
1.0 =
T
1
0.5
1.1 0.524
0
36 0.949 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
42 1.025 log r
5.6 1.183 This has gradient = 2 and intercept = 0.5 so if we compare it to the equation of the line
7.8 1.396 log A=logk+nlogr
8.6 1.466 we can deduce that n=2andlogk=0.5.
92 1517 The inverse of log k is 10% so k = 10°° = 3.16 which is quite close to 7.
Substituting into our original equation A = kr* we get A = 7r?.
10.7 1.636
.
Table 1.11. 11 Use a log-log graph to find the relationship between A and B in Table 1.11.
Relationship between the diameter of a plasticine ball and
its mass
So far we have only measured the diameter and mass of one ball of plasticine. If we want
to know the relationship between the diameter and mass we should measure many balls
of different size. This is limited by the amount of plasticine we have, but should be from
the smallest ball we can reasonably measure up to the biggest ball we can make.
Table 1.12. Mass/g £0.19 Diameter/cm £0.002 cm
P 3
1.4 1.296 1.430 1.370 1.280
2.0 1.570 1.590 1.480 1.550
5.6 2.100 2.130 2.168 2.148
9.4 2.560 2.572 2.520 2.610
12.5 2.690 2.840 2.824 2.720
15.7 3.030 2.980 3.080 2.890
19.1 3.250 3.230 3.190 3.204
21.5 3.490 3.432 3.372 3.360
24.8 3.550 3.560 3.540 3.520
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Lot

In Table 1.12 the uncertainty in diameter d is given as 0.002 cm. This is the uncertainty

in the vernier calliper: the actual uncertainty in diameter is more than this as is revealed

by the spread of data which you can see in the first row, which ranges from 1.280 to
1.430, a difference of 0.150 cm. Because there are only 4 different measurements we
can use the approximate method using Ad = @m“;—dmz This gives an uncertainty in the
first measurement of +0.08 cm. Table 1.13 includes the uncertainties and the mean.

Diameter/cm £0.002cm

3 4 dean/Cm | Uncertainty
Ad/cm
1.4 1.296 1.430 1.370 1.280 1.34 0.08
2.0 1.570 1.590 1.480 1.550 1.55 0.06
5.6 2.100 2.130 2.168 2.148 2.14 0.03
9.4 2.560 2.572 2.520 2.610 2.57 0.04
12.5 2.690 2.840 2.824 2.720 2.77 0.08
15.7 3.030 2.980 3.080 2.890 3.00 0.10
19.1 3.250 3.230 3.190 3.204 3.22 0.03
215 3.490 3.432 3.372 3.360 3.41 0.07
24.8 3.550 3.560 3.540 3.520 3.54 0.02

Now, to reveal the relationship between the mass m and diameter d we can draw a
graph of mvs d as shown in Figure 1.18. However, since the values of m and d have
uncertainties we don’t plot them as points but as lines. The length of the lines equals
the uncertainty in the measurement. These are called error bars.
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diameter/cm

The curve is quite a nice fit but very difficult to analyse; it would be more convenient
if we could manipulate the data to get a straight line. This is called linearizing. To do
this we must try to deduce the relationship using physical theory and then test the

relationship by drawing a graph. In this case we know that density, p = 218
3
and the volume of a sphere = 4% where r = radius
_3m
S0 P= 4

Table 1.13.

Figure 1.18 Graph of mass of
plasticine ball vs diameter with
error bars.

Relationship between
mass and diameter of a
plasticine sphere

Full details of how to carry
out this experiment with a
worksheet are available in
your eBook.
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Table 1.14.

Figure 1.19 Graph of
diameter? of a plasticine
ball vs mass.

20

Measurements and uncertainties

Rearranging this equation gives
3. 3m
"= 4np
d &£ 3m
but r=7507% =4y
_6m
=

Since (ni) is a constant this means that d* is proportional to m. So, a graph of &> vsm

should be a straight line with gradient = nip. To plot this graph we need to find d*>and its
uncertainty. The uncertainty can be found by calculating the difference between the
maximum and minimum values of d*and dividing by 2: w This has been done
in Table 1.14.

d3

Diameter/cm £0.002cm

3 4 dmean/ d3mean/ d3unc-/
cm cm3 cm3
1.4 1.296 1.430 1.370 1.280 1.34 2.4 0.4
2.0 1.570 1.590 1.480 1.550 1.55 3.7 0.4
5.6 2.100 2.130 2.168 2.148 2.14 9.8 0.5
9.4 2.560 2.572 2.520 2.610 2.57 17 1
12.5 2.690 2.840 2.824 2.720 2.77 21 2
15.7 3.030 2.980 3.080 2.890 3.00 27 3
19.1 3.250 3.230 3.190 3.204 3.22 33 1
215 3.490 3.432 3.372 3.360 3.41 40 2
24.8 3.550 3.560 3.540 3.520 3.54 44 1
E
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mass/g

Looking at the line in Figure 1.19 we can see that due to random errors in the data the
points are not exactly on the line but close enough. What we expect to see is the line
touching all of the error bars which is the case here. The error bars should reflect the
random scatter of data; in this case they are slightly bigger which is probably due to the
approximate way that they have been calculated. Notice how the points furthest from
the line have the biggest error bars.
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According to the formula, d*> should be directly proportional to m; the line should
therefore pass through the origin. Here we can see that the y intercept is —0.3 cm?
which is quite close and probably just due to the random errors in d. If the intercept
had been more significant then it might have been due to a systematic error in mass. For
example, if the balance had not been zeroed properly and instead of displaying zero
with no mass on the pan it read 0.5 g then each mass measurement would be 0.5 g too
big. The resulting graph would be as in Figure 1.20.
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A systematic error in the diameter would not be so easy to see. Since diameter is cubed,
adding a constant value to each diameter would cause the line to become curved.

Outliers

Sometimes a mistake is made in one of the measurements; this is quite difficult to
spot in a table but will often lead to an outlier on a graph. For example, one of the
measurements in Table 1.15 is incorrect.

Diameter/cm £0.002cm

2 3
1.4 1.296 1.430 1.370 1.280
2.0 1.570 1.590 1.480 1.550

5.6 2.100 2.130 2.148 3.148

9.4 2.560 2.572 2.520 2.610
125 2.690 2.840 2.824 2.720
15.7 3.030 2.980 3.080 2.890
19.1 3.250 3.230 3.190 3.204

215 3.490 3.432 3.372 3.360

24.8 3.550 3.560 3.540 3.520

This is revealed in the graph in Figure 1.21.

Figure 1.20 Graph of
diameter® of a plasticine ball
vs mass with a systematic error.

Table 1.15.
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Figure 1.21 Graph of
diameter® of a plasticine ball vs
mass with outlier.

Figure 1.22 Graph of
diameter® of a plasticine ball
vs mass showing steepest and
least steep lines.
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When you find an outlier you need to do some detective work to try to find out why the
point isn't closer to the line. Taking a close look at the raw data sometimes reveals that
one of the measurements was incorrect: this can then be removed and the line plotted
again. However, you can't simply leave out the point because it doesn't fit. A sudden
decrease in the level of ozone over the Antarctic was originally left out of the data since
it was an outlier. Later investigation of this ‘outlier’ led to a significant discovery.

Uncertainty in the gradient

The general equation for a straight-line graph passing through the origin is y = mx.

In this case the equation of the line is d* = ?t—m soif d*isy and m is x then the gradient
is %. You can see that the unit of the gradient is cm?/g. This is consistent with it

representing ni.

From the graph we see that gradient = 1.797 cm®g ™! = n% sop= ﬁ

ﬁ =1.063 gcm™> but what is the uncertainty in this value?

There are several ways to estimate the uncertainty in a gradient. One of them is to draw
the steepest and least steep lines through the error bars as shown in Figure 1.22.

E T o
Y e Y BNGEP = e o ==
T 40 slope = 1.856 + 0.03cm?g™ T r
% y intercept = —0.825cm? .
E Il
e [
o ] i
30 E=mmmmms
P slope = 1.797 £ 0.03cm*g™
] 1| y intercept = -0.313cm?
20 P HH
slope = 1.746 + 0.003cm?g™"
y intercept = —0.456cm?
10
_F
04 i i (-
0 10 20 masslg

This gives a steepest gradient = 1.856 cm®g ™' and least steep gradient = 1.746 cm?® g™



20 2% .

10

HH‘

. . . _ . i — -
So the uncertainty in gradient = (1856 -~ 1.746) 3 L746) = 0,06 cm?g .

Note that the program used to draw the graph (LoggerPro®) gives an uncertainty in
the gradient of £0.03 cm?g™". This is a more correct value but the steepest and least
steep lines method is accepted at this level.

The steepest and least steep gradients give max and min values for the density of:

Prmax = 17461: =1.094gcm™

Pmin = 18560 8567: =1.029gcm™
so the uncertainty is w =0.03gcm™.

The density can now be written 1.06 + 0.03gcm™.

Fractional uncertainties

So far we have dealt with uncertainty as +Ax. This is called the absolute uncertainty in
the value. Uncertainties can also be expressed as fractions. This has some advantages
when processing data.

In the previous example we measured the diameter of plasticine balls then cubed this
value in order to linearize the data. To make the sums simpler let’s consider a slightly
bigger ball with a diameter of 10 + 1 cm.

So the measured value d = 10 cm and the absolute uncertainty Ad =1 cm.

d

The fractional uncertainty = A E =0.1 (or, expressed as a percentage, 10%).

During the processing of the data we found d* = 1000 cm’.

The uncertainty in this value is not the same as in d. To find the uncertainty in d*> we
need to know the biggest and smallest possible values of d*; these we can calculate by
adding and subtracting the absolute uncertainty.

Maximum d®>= (10 + 1)’ = 1331 cm’?
Minimum d* = (10 - 1)> = 729 cm’®

So the range of valuesis (1331 - 729) = 602cm’®
The uncertainty is therefore + 301 cm? which rounded down to one significant figure
gives = 300 cm’.

This is not the same as (Ad)® which would be 1cm?.

The fractional uncertainty in d* = % =0.3. This is the same as 3 x the fractional

uncertainty in d. This leads to an alternative way of finding uncertainties in raising data
to the power 3.
If<* Axis the fractional uncertainty in x then the fractional uncertainty in x> = 3)% :

More generally, 1f = is the fractional uncertainty in x then the fractional uncertainty in
Ax

xn =1
X

So if you square a value the fractional uncertainty is 2 x bigger.

Another way of writing this would be that, 1f 22 is the fractional uncertainty in x, then

the fractional uncertainty in x* = M + M . This can be extended to any multiplication.

Soif = is the fractional uncertainty in x and -}fl is the fractional uncertainty in y then
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CHALLENGE
YOURSELF

1 When asolid ball rolls
down a slope of height h its
speed at bottom, v is given
by the equation:

10
- [T
where g is the acceleration
due to gravity.

In an experiment to
determine g the following
results were achieved.

Distance between two
markers at the bottom of
the slope d=5.0+0.2cm
Time taken to travel
between markers
t=006+001s

Height of slope
h=6.0%02cm.

Given that the speed
Y= find a value for g
and its uncertainty.
How might you reduce

this uncertainty?

NATURE OF SCIENCE

We have seen how

we can use numbers

to represent physical
quantities. Representing
those quantities by
letters we can derive
mathematical equations
to define relationships
between them, then use
graphs to verify those
relationships. Some
quantities cannot be
represented by a number
alone so a whole new
area of mathematics
needs to be developed
to enable us to derive
mathematical models
relating them.
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the fractional uncertainty in xy = M + _Ay,z

It seems strange but, when d1V1d1ng, the fractional uncertainties also add; so if A—x is the
fractional uncertamty in x and 2 is the fractional uncertainty in y then the fractlonal

A, A Y
=8X 2
uncertamty 1n ¥ X IE

If you divide a quantity by a constant with no uncertainty then the fractional
uncertainty remains the same.

This is all summarized in the data book as:

if y——therl--z Aa Abb A
and if y=a"then}2=nM
Example

If the length of the side of a cube is quoted as 5.00 + 0.01 m what is its volume plus
uncertainty?

The fractional uncertainty in length =~z =0.002
Volume = 5.003 =125m’

When a quantity is cubed its fractional uncertainty is 3 x bigger so the fractional
uncertainty in volume = 0.002 x 3 = 0.006.

The absolute uncertainty is therefore 0.006 x 125 = 0.75 (approx. 1) so the volume is
125+ 1m’.

Exercises

12 The length of the sides of a cube and its mass are quoted as:
length = 0.050 + 0.001 m
mass = 1.132 + 0.002kg.

Calculate the density of the material and its uncertainty.

13 The distance around a running track is 400 = 1 m. If a person runs around the track 4 times calculate
the distance travelled and its uncertainty.

14 The time for 10 swings of a pendulum is 11.2 + 0.1 s. Calculate the time for one swing of the pendulum
and its uncertainty.

Vectors and scalars

1.3 VVectors and scalars

Understandings, applications, and skills:

Vector and scalar quantities
Combination and resolution of vectors
e Solving vector problems graphically and algebraically.
Guidance
@ Resolution of vectors will be limited to two perpendicular directions.
@ Problems will be limited to addition and subtraction of vectors, and the multiplication and division of
vectors by scalars.



Scalar

A quantity with
magnitude only.

Vector and scalar quantities

So far we have dealt with six different quantities:

* Length * Volume

Vector
» Time * Density A quantity with
° Mass * Displacement magnitude and
direction.

All of these quantities have a size, but displacement also has a direction. Quantities
that have size and direction are vectors and those with only size are scalars; all quantities

N
are either vectors or scalars. It will be apparent why it is important to make this T C
distinction when we add displacements together.
B A
Example
[rrrrrrrTT]
5km

Consider two displacements one after another as shown in Figure 1.23.

Starting from A walk 4km west to B, then 5km north to C.

Figure 1.23 Displacements

The total displacement from the start is not 5 + 4 but can be found by drawing a
shown on a map.

line from A to C.

We will find that there are many other vector quantities that can be added in the
same way.

Addition of vectors

/
Vectors can be represented by drawing arrows. The length of the arrow is proportional
to the magnitude of the quantity and the direction of the arrow is the direction of the
quantity. 5km resultant
To add vectors the arrows are simply arranged so that the point of one touches the tail
of the other. The resultant vector is found by drawing a line joining the free tail to the
free point.

4km

Example

Figure 1.24 Vector addition.
Figure 1.23 is a map illustrating the different displacements. We can

y
represent the displacements by the vectors in Figure 1.24.
Calculating the resultant:
If the two vectors are at right angles to each other then the resultant will
be the hypotenuse of a right-angled triangle. This means that we can use
simple trigonometry to relate the different sides. hypotenuse
opposite
Some simple trigonometry
You will find cos, sin and tan buttons on your calculator. These are used
to calculate unknown sides of right-angled triangles.
. _ _Opposite - .
sin 6 hypotenuse — opposite = hypotenuse x sin 6 o

__adjacent . _ adjacent
cos 6 hypotenuse adjacent = hypotenuse x cos 6
tan g = 2pPosite Figure 1.25.

adjacent



Vector symbols

To show that a quantity
is a vector we can write
it in a special way. In
textbooks this is often
in bold (A) but when
you write you can put
an arrow on the top. In
physics texts the vector
notation is often left
out. This is because

if we know that the
symbol represents a
displacement, then we
know it is a vector and
don't need the vector
notation to remind us.
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Worked example

Find the side X of the triangle.
5m
X
40°
Figure 1.26.
Solution
Side X is the opposite so X =5 xsin40°
sin40°=0.6428 so X =3.2m
Exercise
15 Use your calculator to find x in the triangles in Figure 1.27.
(a) (b)
50°
X
4cm
3cm
X
(c) (d)
X
6cm 3em
X 200
30 Figure 1.27.

Pythagoras

The most useful mathematical relationship for finding the resultant of two
perpendicular vectors is Pythagoras’ theorem.

hypotenuse? = adjacent® + opposite?

Worked example
Find the side X on the triangle (Figure 1.28).

Figure 1.28 2m
Solution
Applying Pythagoras:
X2=22+42

So X=J22+4=[20=4.5m



Exercise

16 Use Pythagoras’ theorem to find the hypotenuse in the triangles in Figure 1.29.

(a) (b)

3cm
4cm

4cm

4cm
(c) (d)

2cm
3cm

6cm

2cm Figure 1.29.

Using trigonometry to solve vector problems

Once the vectors have been arranged point to tail it is a simple matter of applying the
trigonometrical relationships to the triangles that you get.

Exercises

Draw the vectors and solve the following problems using Pythagoras’ theorem.

17 Aboat travels 4km west followed by 8 km north. What is the resultant displacement?

18 A plane flies 100km north then changes course to fly 50km east. What is the resultant displacement?

Vectors in one dimension

In this course we will often consider the simplest examples where the motion is
restricted to one dimension, for example a train travelling along a straight track. In
examples like this there are only two possible directions — forwards and backwards.
To distinguish between the two directions,we give them different signs (forward + and
backwards —). Adding vectors is now simply a matter of adding the magnitudes, with
no need for complicated triangles.

Figure 1.30 The train
Ve 5 canonly move forwards
or backwards.

Worked example

If a train moves 100 m forwards along a straight track then 50 m back, what is its final
displacement?

Solution

Figure 1.32 shows the vector diagram.

100m o < Figure 1.32 Adding vectors in

< - one dimension
50m ’

The resultant is clearly 50 m forwards.

Which direction

is positive?

You can decide for
yourself which you

want to be positive but
generally we follow the
convention in Figure 1.31.

+

Left Right

Figure 1.31.
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Figure 1.33 Subtracting
vectors.

Figure 1.34 5km up the hill
but how high?

S

M not next to

the angle

Asing

next to the
angle

AR

AC0s 6

Figure 1.35 An easy way to
remember which is cos is to
say that 'it's becos it's next to

the angle’.
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Now we know that a negative vector is simply the opposite direction to a positive
vector, we can subtract vector B from vector A by changing the direction of vector B
and adding it to A (Figure 1.33).

A-B=A+(-B)

Taking components of a vector

Consider someone walking up the hill in Figure 1.34. They walk 5km up the slope but
want to know how high they have climbed rather than how far they have walked. To
calculate this they can use trigonometry.

Height = 5 x sin 30°

The height is called the vertical component of the displacement.
The horizontal displacement can also be calculated.
Horizontal displacement = 5 x cos 30°

This process is called ‘taking components of a vector’ and is often used in solving
physics problems.

Exercises

19 |If a boat travels 10km in a direction 30° to the east of north, how far north has it travelled?

20 On his way to the South Pole, Amundsen travelled 8km in a direction that was 20° west of south. What
was his displacement south?

21 A mountaineer climbs 500 m up a slope that is inclined at an angle of 60° to the horizontal. How high
has he climbed?



variable voltage supply

Practice questions

1. This question is about measuring the permittivity of free space &

Figure 1.36 shows two parallel conducting plates connected to a variable voltage supply. The
plates are of equal areas and are a distance d apart.

o +

j—— Q —>]
— <<

Figure 1.36
The charge Q on one of the plates is measured for different values of the potential difference V
applied between the plates. The values obtained are shown in Table 1.16. The uncertainty in the
value of Vis not significant but the uncertainty in Q is £10%.

10.0 30
20.0 80
30.0 100
40.0 160
50.0 180
Table 1.16.
(@) Plot the data points in Table 1.16 on a graph of V (x-axis) against Q (y-axis). (4)

(b) By calculating the relevant uncertainty in @, add error bars to the data
points (10.0, 30) and (50.0, 180). (3)

(c) On your graph, draw the line that best fits the data points and has the maximum permissible
gradient. Determine the gradient of the line that you have drawn. (3)

(d) The gradient of the graph is a property of the two plates and is known as capacitance.
Deduce the units of capacitance. (1)
The relationship between @ and V for this arrangement is given by the expression

Q= %AV where A is the area of one of the plates.

In this particular experiment A = 0.20 + 0.05m? and d = 0.50 =+ 0.01 mm.
(e) Use your answer to (c) to determine the maximum value of &, that this experiment yields. (4)
(Total 15 marks)

. A student measures a distance several times. The readings lie between 49.8 cm and 50.2 cm.
This measurement is best recorded as

A 498 +0.2cm B 49.8+0.4cm C 50.0+0.2cm D 50.0+04cm (1)

This question is about
processing data. You

Y don't have to know

what ‘permittivity of
free space’ means to be
able to answer it.
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. The time period T of oscillation of a mass m suspended from a vertical spring is given by the

expression
= Zn\/% where k is a constant.

Which one of the following plots will give rise to a straight-line graph?
A T2 againstm B VTagainstym € Tagainstm D VTagainstm (1)

. The power dissipated in a resistor of resistance R carrying a current / is equal to /?R. The value

of / has an uncertainty of +2%, and the value of R has an uncertainty of £10%. The value of
the uncertainty in the calculated power dissipation is

A 8% B +12% C +14% D +20% (1)

. An ammeter has a zero offset error. This fault will affect

A neither the precision nor the accuracy of the readings.
B only the precision of the readings.
C only the accuracy of the readings.

D both the precision and the accuracy of the readings. (1)

. When a force F of (10.0 = 0.2) N is applied to a mass m of (2.0 + 0.1) kg, the percentage

uncertainty attached to the value of the calculated acceleration % is

A 2% B 5% C 7% D 10% (1)
. Which of the following is the best estimate, to one significant digit, of the quantity shown
below? % 8.1
(15.9)
A 15 B 2.0 C 58 D 6.0 (1)

. Two objects X and Y are moving away from the point P. Figure 1.37 shows the velocity

vectors of the two objects.

velocity vector for object Y

velocity vector for object X Figure 1.37.



Which of the velocity vectors in Figure 1.38 best represents the velocity of object X relative
to object Y?

e

9. The order of magnitude of the weight of an apple is
A 10N B 102N C 1IN D 102N (1)
10. Data analysis question.

The photograph shows a magnified image of a dark central disc surrounded by concentric dark
rings. These rings were produced as a result of interference of monochromatic light.

O 5
b
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Figure 1.39 shows how the ring diameter D varies with the ring number n.
The innermost ring corresponds to n = 1. The corresponding diameter is labelled in the
photograph. Error bars for the diameter D are shown.

£1.8
=
)
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0
0 1 2 3 4 5 6 7 8 9 10 1" 12
n
Figure 1.39.
(a) State one piece of evidence that shows that D is not proportional to n. (1)
(b) Copy the graph in Figure 1.39 and on your graph draw the line of best fit
for the data points. (2)
(c) Itis suggested that the relationship between D and n is of the form
D =cnP
where ¢ and p are constants.
Explain what graph you would plot in order to determine the value of p. (3)

32



(d) Theory suggests that p = % and so D? = kn (where k = c?).

D?/cm?

3.0

25

2.0

A graph of D? against n is shown in Figure 1.40. Error bars are shown for the first and
last data points only.

(iv) State the unit for the constant k.

[ )
®
[} ®
°
®
°
®
®
[ ]
e
1
0 1 2 3 4 5 6 7 8 9 10 1" 12
n
Figure 1.40.
(i) Using the graph in Figure 1.39, calculate the percentage uncertainty in D?, of the
ringn=17. (2)
(ii) Based on the graph in Figure 1.40, state one piece of evidence that supports the
relationship D? = kn. (1
(iiii) Use the graph in Figure 1.40 to determine the value of the constant k, as well as
its uncertainty. (4)

(1)

(Total 14 marks)
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Essential ideas

Motion
Motion may be described and analysed by the use of graphs and
equations.

Forces
Classical physics requires a force to change a state of motion, as
suggested by Newton in his laws of motion.

Work, energy, and power
The fundamental concept of energy lays the base upon which all
areas of science are built.

Momentum and impulse
Conservation of momentum is an example of a law which is never
violated.

NATURE OF SCIENCE

From the definitions of velocity and acceleration we can use mathematics to derive a
set of equations that predict the position and velocity of a particle at any given time.
We can show by experiment that these equations give the correct result for some
examples, then make the generalization that the equations apply in all cases.

&

Motion

2.1 Motion

Understandings, applications, and skills:

Distance and displacement
Speed and velocity
® Determining instantaneous and average values for velocity, speed, and acceleration.
Acceleration
® Determining the acceleration of free fall experimentally.
Graphs describing motion
o Sketching and interpreting motion graphs.
Equations of motion for uniform acceleration
@ Solving problems using equations of motion for uniform acceleration.
Projectile motion
® Analysing projectile motion, including the resolution of vertical and horizontal components of
acceleration, velocity, and displacement.
Guidance
 Calculations will be restricted to those neglecting air resistance.
e Projectile motion will only involve problems using a constant value of g close to the surface of
the Earth.
e The equation of the path of a projectile will not be required.
Fluid resistance and terminal speed
® Qualitatively describing the effect of fluid resistance on falling objects or projectiles, including
reaching terminal speed.

In Chapter 1, we observed that things move and now we are going to mathematically
model that movement. Before we do that, we must define some quantities that we are
going to use.

A steam train crosses an

arched bridge. Without a
knowledge of mechanics trains
and bridges would never have
been built.
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5km

Figure 2.1.

Mechanics

Displacement and distance

It is important to understand the difference between distance travelled and displacement.
To explain this, consider the route marked out on the map shown in Figure 2.1.
Displacement is the shortest path moved in a particular direction.

The unit of displacement is the metre (m).

Displacement is a vector quantity.

On the map, the displacement is the length of the straight line from A to B, a distance
of 5 km west. (Note: since displacement is a vector you should always say what the
direction is.)

Distance is how far you have travelled from A to B.
The unit of distance is also the metre.
Distance is a scalar quantity.

In this example, the distance travelled is the length of the path taken, which is about
10 km.

Sometimes this difference leads to a surprising result. For example, if you run all
the way round a running track you will have travelled a distance of 400 m but your
displacement will be 0 m.

In everyday life, it is often more important to know the distance travelled. For example,
if you are going to travel from Paris to Lyon by road you will want to know that

the distance by road is 450 km, not that your final displacement will be 336 km SE.
However, in physics, we break everything down into its simplest parts, so we start by
considering motion in a straight line only. In this case it is more useful to know the
displacement, since that also has information about which direction you have moved.

Velocity and speed
Both speed and velocity are a measure of how fast a body is moving, but velocity is a

vector quantity and speed is a scalar.

Velocity is defined as the displacement per unit time.

displacement

velocity = Gime

The unit of velocity is ms™.
Velocity is a vector quantity.

Speed is defined as the distance travelled per unit time.

distance

speed = time

The unit of speed is also m s™.

Speed is a scalar quantity.

Exercise

1 Convert the following speeds into ms™.

(a) A car travelling at 100 km h".
(b) A runner running at 20 kmh-'.



Average velocity and instantaneous velocity

Consider travelling by car from the north of Bangkok to the south —a distance of
about 16 km. If the journey takes 4 hours, you can calculate your velocity to be

% =4km h! in a southwards direction. This doesn’t tell you anything about the
journey, just the difference between the beginning and the end (unless you managed
to travel at a constant speed in a straight line). The value calculated is the average
velocity and in this example it is quite useless. If we broke the trip down into lots of
small pieces, each lasting only one second, then for each second the car could be
considered to be travelling in a straight line at a constant speed. For these short
stages we could quote the car’s instantaneous velocity — that’s how fast it’s going at that

moment in time and in which direction.

Figure 2.2 Its not possible to
take this route across Bangkok
with a constant velocity.

The bus in the photo has a
constant velocity for a very
short time.

Exercise

2 Arunner runs around a circular track of length 400 m with a
constant speed in 965 starting at the point shown. Calculate:

(a) the average speed of the runner.

(b) the average velocity of the runner.

(c) the instantaneous velocity of the runner after 48s.
(d) the displacement after 24s.

Constant velocity

If the velocity is constant then the instantaneous velocity is the same all the time so

instantaneous velocity = average velocity. Figure 2.3.

Since velocity is a vector this also implies that the direction of motion is constant.

Measuring a constant velocity

. . .. _ displacement
From the definition of velocity we see that velocity = —————.

Rearranging this gives displacement = velocity x time.

So, if velocity is constant, displacement is proportional to time. To test this relationship
and find the velocity we can measure the displacement of a body at different times. To
do this you either need a lot of clocks or a stop clock that records many times. This is
called a lap timer. In this example a bicycle was ridden at constant speed along a straight
road past 6 students standing 10m apart, each operating a stop clock as in Figure 2.4.
The clocks were all started when the bike, already moving, passed the start marker and
stopped as the bike passed each student.

Figure 2.4 Measuring the
time for a bike to pass.

Start  10m 10m 10m 10m 10m 10m 37



Mechanics

The results achieved have been entered into Table 2.1.

Distance/m Time/s

£0.1m +0.02s The uncertainty in position g 70
. . . = /
100 3.40 is quoted as 0.1 m since it E /
is difficult to decide exactly g 60
20.0 5.62 when the bike passes the =2 p
30.0 8.55 marker. % 50 4 /
/
40.0 12.31 The digital stop clock had a 0
scale with 2 decimal places N pyans
>0.0 14.17 so the uncertainty was 0.01 s. 30 ! /
60.0 17.21 However, the uncertainty i
quoted is 0.02 s since the 2 574
Vsl
Table 2.1. clocks all had to be started at
the same time.
10 a»
Since s is proportional to t, /
then a graph of svs t should 0
give a straight line with 0 > 10 15 20
) ) time/s
gradient = velocity as shown
in Figure 2.5. Figure 2.5 Graph of displacement vs time for a bike.
Notice in this graph the line does not quite hit all the dots. This is because the
uncertainty in the measurement in time is almost certainly bigger than the uncertainty
in the clock (£0.02s) due to the reaction time of the students stopping the clock. To get
a better estimate of the uncertainty we would have to have several students standing at
each 10m position. Repeating the experiment isn’t possible in this example since it is
very difficult to ride at the same velocity several times.
The gradient indicates that the velocity = 3.4ms™L.
Laboratory example
Most school laboratories aren't big enough to ride bikes in so when working indoors we need
to use shorter distances. This means that the times are going to be shorter so hand-operated
stop clocks aren't going to be accurate enough. One way of timing in the lab is by using
photogates. These are connected to the computer via an interface and record the time when a
body passes in or out of the gate. So to replicate the bike experiment in the lab using a ball we
would need 7 photogates as in Figure 2.6, one extra to represent the start.
Figure 2.6 How to measure photogates

the time for a rolling ball if
you've got 7 photogates.

< > > > >l > >

5cm ' 5cm ' 5cm ' 5cm ' 5cm ' 5cm

This is would be quite expensive so we compromise by using just two photogates and a
motion that can be repeated. An example could be a ball moving along a horizontal section
of track after it has rolled down an inclined plane. Provided the ball starts from the same point
it should have the same velocity. So instead of using seven photogates we can use two, one is
set at the start of the motion and the other is moved to different positions along the track as
in Figure 2.7.
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start time stop time

starting position

A
A

<
< > > > >

5cm 5cm 5cm 5cm 5cm 5cm

Table 2.2 shows the results were obtained using this arrangement.

Displacement/cm

£0.1cm
5.0 0.0997 | 0.0983 | 0.0985 | 0.1035 | 0.1040 | 0.101 | 0.003
10.0 0.1829/0.1969|0.1770 | 0.1824 1 0.1825| 0.18 | 0.01
15.0 0.284410.2800|0.2810/0.2714 1 0.2779 | 0.28 | 0.01
20.0 0.3681|0.3890 | 0.3933 |/ 0.3952 1 0.3854 | 0.39 | 0.01
25.0 0.4879/0.5108 | 0.5165 | 0.4994  0.5403 | 0.51 0.03
30.0 0.6117]0.6034 | 0.5978 | 0.6040 | 0.5932 | 0.60 | 0.01
Notice the uncertaintyv £ 30 Ll Lt
calculated from {max min) S EEEEEENEEEN
is much more than the & | ]|slope=4853cms”
instrument uncertainty. £ || |yintercept=008117cm
Graphing displacement vs 82
time gives Figure 2.8. _g
From this graph we can see /
that within the limits of the 20
experiment’s uncertainties /
. /
the displacement was 7
proportional to time, so we 15
can conclude that the velocity y4
was constant. However, if we /
look closely at the data we //
see that there seems to be a 10 Y,
slight curve indicating that //
perhaps the ball was slowing yd
down. To verify this we would 5 y 4
have to collect more data. /’
/
5
0 0.2 0.4 0.6

time/s

Measuring instantaneous velocity

To measure instantaneous velocity, a very small displacement must be used. This
could be achieved by placing two photogates close together or attaching an obstructer
such as a piece of card to the moving body as shown in Figure 2.9. The time taken for

the card to pass through the photogate is recorded and the instantaneous velocity

length of card ,d
calculated from the “8 12 (4.

Figure 2.7 Measuring the
velocity of a ball with 2
photogates.

Table 2.2.

Figure 2.8 Graph of
displacement vs time for a
rolling ball.

Measuring the constant
velocity of a ball rolling
across a flat table

A worksheet with full details
of how to carry out this
experiment is available in
your eBook.

card

photogate

Figure 2.9 A card and
photogate used to measure
instantaneous velocity.
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Figure 2.10 Running on
board a ship.

Figure 2.11 Two boats
approach each other.

Figure 2.12 Two boats
travelling perpendicular to
each other.

Mechanics

Relative velocity

Velocity is a vector so must be added vectorially. Imagine you are running north at
3ms™! on a ship that is also travelling north at 4ms™ as shown in Figure 2.10. Your
velocity relative to the ship is 3ms™ but your velocity relative to the water is 7 ms™. If
you now turn around and run due south your velocity will still be 3 ms™ relative to the
ship but 1 ms™ relative to the water. Finally, walking towards the east the vectors add at
right angles to give a resultant velocity of magnitude 5ms™! relative to the water. You
can see that the velocity vectors have been added.

Imagine now that you are floating in the water watching two boats travelling towards
each other as in Figure 2.11.

The blue boat is travelling east at 4ms! and the green boat west at —3ms!. Remember
that the sign of a vector in one dimension gives the direction, so if east is positive then
west is negative. If you were standing on the blue boat you would see the water going
past at —4ms™! so the green boat would approach with the velocity of the water plus

its velocity in the water: =4 + =3 = =7 ms™L. This can also be done in 2 dimensions as in
Figure 2.12.

According to the swimmer floating in the water, the green boat travels north and the
blue boat travels east. but an observer on the blue boat will see the water travelling
towards the west and the boat travelling due north; adding these two velocities gives a
velocity of 5ms™ in an approximately northwest direction.



Exercises

3 An observer standing on a road watches a bird flying east at a velocity of T0ms™'. A second observer,
driving a car along the road northwards at 20ms™' sees the bird. What is the velocity of the bird
relative to the driver?

4 Aboat travels along a river heading north with a velocity 4ms™' as a woman walks across a bridge
from east to west with velocity 1ms. Calculate the velocity of the woman relative to the boat.

Acceleration

In everyday usage, the word accelerate means to go faster. However, in physics,
acceleration is defined as the rate of change of velocity.

change of velocity
time

acceleration =
The unit of acceleration is ms™2.
Acceleration is a vector quantity.

This means that whenever a body changes its velocity, it accelerates. This could be
because it is getting faster, slower, or just changing direction. In the example of the
journey across Bangkok, the car would have been slowing down, speeding up, and
going round corners almost the whole time, so it would have had many different
accelerations. However, this example is far too complicated for us to consider in
this course (and probably any physics course). For most of this chapter we will only
consider the simplest example of accelerated motion, constant acceleration.

Constant acceleration in one dimension

In one-dimensional motion, the acceleration, velocity, and displacement are all in the
same direction. This means they can simply be added without having to draw triangles.
Figure 2.13 shows a body that is starting from an initial velocity u and accelerating at

a constant rate a to velocity v in t seconds. The distance travelled in this time is s. Since
the motion is in a straight line, this is also the displacement.

u a %
— > — >

v

time =0 time =t

A
“

Using the definitions already stated, we can write equations related to this example.

Average velocity
change of velocity
time

From the definition, the average velocity =

SO average velocity = % (1)

Since the velocity changes at a constant rate from the beginning to the end, we can also
calculate the average velocity by adding the velocities and dividing by two.

Average velocity = (u ; ) )

Figure 2.13 A red ball is
accelerated at a constant rate.

4
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suvat equations
(v-u)
t
(v+ult
s=" 5

s=ut+1af

a=

vZ=u?+2as

You don't need to include
units in all stages of a

calculation, just the answer.
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Acceleration
Acceleration is defined as the rate of change of velocity.

So a= @ (3)

We can use these equations to solve any problem involving constant acceleration.
However, to make problem solving easier, we can derive two more equations by
substituting from one into the other.

Equating equations (1) and(2)

s_(u+v)
t 2
o S=(u+2v)t 4

Rearranging (3) gives v =u + at.

If we substitute for v in equation (4) we get s = ut + %atz (5)

(v —uw

a

Rearranging (3) again gives t =
If t is now substituted in equation (4) we get v = u? + 2as (6)

These equations are sometimes known as the suvat equations. If you know any 3 of
s, u, v, a, and t you can find either of the other two in one step.

Worked example

A car travelling at 10m s accelerates at 2ms 2 for 5s. What is its displacement?

Solution

The first thing to do is draw a simple diagram like Figure 2.14.

a_2ms
u— 10ms™
time =0 time = 55

Figure 2.14 A simple diagram is always the best start.
This enables you to see what is happening at a glance rather than reading the text.
The next stage is to make a list of suvat.

s=7?
u=10ms!
y=7?
a=2ms?2
t=5s

To find s you need an equation that contains suat. The only equation with all 4 of
these quantities is s = ut + %at2

Using this equation gives: 5=10%5+2x2x 52

s=75m



The signs of displacement, velocity, and acceleration

We must not forget that displacement, velocity, and acceleration are vectors. This
means that they have direction. However, since this is a one-dimensional example,
there are only two possible directions, forward and backward. We know which
direction the vector is in from its sign.

A positive displacement means that the body has moved to the right.
A positive velocity means the body is moving to the right.

A positive acceleration means that the body is either moving to the right and getting
faster or moving to the left and getting slower. This can be confusing, so consider the
following example.

5ms™! — > u=10ms"
< «—
time =55 time =0

The car is travelling in a negative direction so the velocities are negative.

=-10ms!
=—5ms™!
t=5s
The acceleration is therefore given by
a=@=—_5 _5_10 =1ms™?

The positive sign tells us that the acceleration is in a positive direction (right) even
though the car is travelling in a negative direction (left).

Example

A body with a constant acceleration of =5 msis travelling to the right with a velocity
of 20ms™. What will its displacement be after 20s?

s=7?
u=20ms™!
y=7
a=-5ms™
t=20s
To calculate s we can use the equation s = ut + %at2

§=20 % 20 + % (~5) x 202 = 400 — 1000 = —600m

This means that the final displacement of the body is to the left of the starting point. It
has gone forward, stopped, and then gone backwards.

Exercises

5 Calculate the final velocity of a body that starts from rest and accelerates at 5ms for a distance of 100m.

6 A body starts with a velocity of 20ms™! and accelerates for 200 m with an acceleration of 5m s What
is the final velocity of the body?

7 Abody accelerates at 10m s reaching a final velocity of 20ms" in 5s. What was the initial velocity of
the body?

Figure 2.15.

5ms

20ms™!

Figure 2.16 The acceleration
is negative so pointing to
the left.

()

The acceleration due to
gravity is not constant all
over the Earth. 9.81Tms2
is the average value. The
acceleration also gets
smaller the higher you go.
However we ignore this
change when conducting
experiments in the lab
since labs aren't that high.

To make the examples
easier to follow,
g=10ms7?is used
throughout; you should
only use this approximate
value in exam questions if
told to do so.
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The effect of air Free fall motion

resistance . . . . .
_ Although a car was used in one of the previous illustrations, the acceleration of a car
If you jump out of a plane

(it e pEEdvizen) is not usually constant, so we shouldn’t use the suvat equations. The only example of
you will feel the push of constant acceleration that we see in everyday life is when a body is dropped. Even then

the air as it rushes past the acceleration is only constant for a short distance.
you. As you fall faster
and faster, the air will

push upwards more Acceleration of free fall

el imerie a7 ezt When a body is allowed to fall freely we say it is in free fall. Bodies falling freely on the
go any faster. At this

. . 72
iy Heve el Earth fall with an acceleration of about 9.81 ms™. (It depends where you are.) The body
terminal velocity. We will falls because of gravity. For that reason we use the letter g to denote this acceleration.
come back to this after Since the acceleration is constant, we can use the suvat equations to solve problems.

introducing forces.
Exercises

In these calculations use g = T0ms2.

8 A ballis thrown upwards with a velocity of 30ms™'. What is the displacement of the ball after 2s?
9 Aballis dropped. What will its velocity be after falling 65cm?

10 A ball is thrown upwards with a velocity of 20ms™". After how many seconds will the ball return to its
starting point?

' '*k —al Y Measuring the acceleration due to gravity

“' When a body falls freely under the influence of gravity it accelerates at a constant rate. This means

- _ that time to fall, t, and distance, s, are related by the equation s = ut + %at? If the body starts from

N rest then u = 0 so the equation becomes s = %atz. Since s is directly proportional to %, a graph of
. s vs t2 would therefore be a straight line with gradient %g It is difficult to measure the time for a ball
to pass different markers but if we assume the ball falls with the same acceleration when repeatedly
dropped we can measure the time taken for the ball to fall from different heights. There are many
ways of doing this. All involve some way of starting a clock when the ball is released, and stopping
Apparatus for measuring g. it when it hits the ground. Table 2.3 shows a set of results from a ‘ball drop’ experiment.

Table 2.3 Measuring g. Height(h)/m Mean

+0.001m Time(t)/s £0.001s t/s t2/s2 At?/s?

0.118 0.155 1 0.153 | 0.156 | 0.156 | 0.152 | 0.154 | 0.024 | 0.001

I peradhuis: lepi 0.168 | 0.183|0.182 | 0.183 | 0.182 | 0.184 0.183 | 0.033 | 0.004

accelerating at a constant
rate they would break
the sound barrier after a
little more than 30 s of

0.218 0.208 | 0.205 |1 0.210 | 0.211 | 0.210 | 0.209 | 0.044 | 0.001

0.268 0.236 | 0.235 | 0.237 1 0.239 | 0.231 | 0.236 | 0.056 | 0.002

flight. By understanding 0.318 0.250 | 0.254 | 0.255 | 0.250 | 0.256 | 0.253 | 0.064 | 0.002
the forces involved it has
been possible to design 0.368 0.276 | 0.277 | 0.276 | 0.278 | 0.276 | 0.277 | 0.077 | 0.001

wing suits so that base
jumpers can achieve
forward velocities greater
than their rate of falling.

0.418 0.292 | 0.293 | 0.294 | 0.291 | 0.292 | 0.292 | 0.085 | 0.001

0.468 0.310 | 0.310 | 0.303 | 0.300 | 0.311 | 0.307 | 0.094 | 0.003

0.518 0.322 | 0.328 | 0.330 | 0.328 | 0.324 | 0.326 | 0.107 | 0.003

0.568 0.342 | 0.341 | 0.343 | 0.343 | 0.352 | 0.344 | 0.118 | 0.004

(tmaxz - tm\ nz)

Notice the uncertainty in t? is calculated from >
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Notice how the line in Figure 2.17 is very close to the points, and that the uncertainties
reflect the actual random variation in the data. The gradient of the line is equal to %g o
g =2 x gradient.
g=2x4814=9.624ms?
The uncertainty in this value can be estimated from the steepest and least steep lines.
Gmax = 2 x 5112 =10.224 ms2

Grmin =2 x 4571 =9.142ms?

Ag — (gma Egmm) — (‘l 02242_ 9142) =0.541 meZ
so the final value including uncertainty is 9.6 + 0.5ms™.

This is in good agreement with the accepted average value which is 9.81ms™.

£ 06 |
= =g
=D ZeZ
[ 2%
<05 slope = 4.814ms?
y intercept = 0.005m a5
/
0.4 e
|
0.3 slope = 4.571ms
/ yintercept =0.0137m
/
0.2 ~
P4 .
Z slope =5.112ms
0.1 % y intercept = ~0.01030 m
Z
%
%
0
0 0.01 002 003 004 0.05 0.06 007 008 009 0.10 0.11 0.12
time?/s?

Graphical representation of motion

Graphs are used in physics to give a visual representation of relationships. In
kinematics they can be used to show how displacement, velocity, and acceleration
change with time. Figure 2.18 shows the graphs for four different examples of motion.
They are placed vertically since they all have the same time axis.

The best way to go about sketching graphs is to split the motion into sections then plot
where the body is at different times; joining these points will give the displacement—
time graph. Once you have done that you can work out the v—t and a—t graphs by
looking at the s—t graph rather than the motion.

Gradient of displacement-time
changeiny _ Ay

changeinx ~ Ax
In the case of the displacement—time graph this will give

The gradient of a graph is

dient =2
gradient =4

This is the same as velocity.

Measuring the
acceleration due to
gravity by timing a
freefalling object

A worksheet with full details
of how to carry out this
experiment is available in
your eBook.

Figure 2.17 Height vs time?
for a falling object.

You need to be able to

- figure out what kind of
motion a body has by
looking at the graphs

+ sketch graphs for a
given motion.
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A
<5
£
<]
©
3
2
AS
At
time
Figure 2.20.
velocity A
v
At time

Figure 2.21.
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Line A
D
\ / / A body that is not moving.
A Displacement is always the same.
Velocity is zero.
C_ Acceleration is zero.
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Line B

Abody that is travelling with a constant positive velocity.
Displacement increases linearly with time.

D Velocity is a constant positive value.

Acceleration is zero.

>
'

velocity

ime  Line C

C Abody that has a constant negative velocity.
Displacement is decreasing linearly with time.
Velocity is a constant negative value.
Acceleration is zero.

»
>»

Line D

p Abody thatis accelerating with constant acceleration.
Displacement is increasing at a non-linear rate. The
shape of this line is a parabola since displacement is
proportional to t2 (s = ut + %atz).

Velocity is increasing linearly with time.
Acceleration is a constant positive value.

acceleration

ABC
time

Figure 2.18 Graphical
representation of motion.

So the gradient of the displacement—time graph equals the velocity. Using this
information, we can see that line A in Figure 2.19 represents a body with greater
velocity than line B and that since the gradient of line C is increasing, this must be the
graph for an accelerating body.

Instantaneous velocity

When a body accelerates its velocity is constantly changing. The displacement—time
graph for this motion is therefore a curve. To find the instantaneous velocity from the
graph we can draw a tangent to the curve and find the gradient of the tangent as shown
in Figure 2.20.

Area under velocity-time graph

The area under the velocity—time graph for the body travelling at constant velocity v
shown in Figure 2.21 is given by

area = VAt
A
But we know from the definition of velocity thatv = Ti

Rearranging gives As = vAt so the area under a velocity—time graph gives the
displacement.

This is true not only for simple cases such as this but for all examples.



Gradient of velocity-time graph

A
The gradient of the velocity—time graph is given by A_lt) This is the same as acceleration.

Area under acceleration-time graph

The area under an acceleration—time graph in Figure 2.22 is given by aAt. But we know

from the definition of acceleration that a = @

Rearranging this gives v —u = aAt so the area under the graph gives the change in
velocity.

If you have covered calculus in your maths course you may recognize these equations:

2
vzgaz%:%,ands=Ivdt,v=fadt

Exercises

11 Sketch a velocity-time graph for a body starting from rest and accelerating at a constant rate to a final
velocity of 25m s in 10 seconds. Use the graph to find the distance travelled and the acceleration of

the body.
12 Describe the motion of the body whose velocity/ms™" A
velocity-time graph is shown in Figure 2.23. 10 4
What is the final displacement of the body?
9 .
é é\, time/s
~10 A
Figure 2.23

13 Aball is released from rest on the hill in Figure 2.24. Sketch the s-t, v-t, and a-t graphs for its
horizontal motion.

Figure 2.24.
14 A ball rolls along a table then falls off the edge landing on soft sand. Sketch the s-t, v-t, and a-t graphs
for its vertical motion.

Example 1: the suvat example

As an example let us consider the motion we looked at when deriving the suvat
equations.

u d %
—_— —>> _
time=0 time =t

< s

Displacement-time

The body starts with velocity u and travels to the right with constant acceleration, a for
a time t. If we take the starting point to be zero displacement, then the displacement—
time graph starts from zero and rises to s in t seconds. We can therefore plot the two

SA
©
@
f<5
S
©
a
At time
Figure 2.22.

Figure 2.25 A body with
constant acceleration.

Negative time

Negative time doesn't
mean going back in
time - it means the time
before you started the
clock.
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displacement 4

3

displacement

>
>

It time

Figure 2.26.

Figure 2.29.

48

time

Figure 2.30.

Mechanics

points shown in Figure 2.26. The body is accelerating so the line joining these points is
a parabola. The whole parabola has been drawn to show what it would look like — the
reason it is offset is because the body is not starting from rest. The part of the curve to
the left of the origin tells us what the particle was doing before we started the clock.

Velocity-time

Figure 2.27 is a straight line with a positive gradient
showing that the acceleration is constant. The line velocity
doesn't start from the origin since the initial
velocity is u.

The gradient of this line is (%1 which we know
from the suvat equations is acceleration.

time
The area under the line makes the shape of a
trapezium. The area of this trapezium is %(v +ut.

. . . Fi 2.27.
This is the suvat equation for s. eure

acceleration A

Acceleration-time

The acceleration is constant so the acceleration—time
graph is simply a horizontal line as shown in

Figure 2.28. The area under this line is a x t which >
we know from the suvat equations equals (v —u). t time

Example 2: The bouncing ball Figure 2.28.

Consider a rubber ball dropped from some position above the ground A onto a

hard surface B. The ball bounces up and down several times. Figure 2.29 shows the
displacement—time graph for 4 bounces. From the graph we see that the ball starts
above the ground then falls with increasing velocity (as deduced by the increasing
negative gradient). When the ball bounces at B the velocity suddenly changes from
negative to positive as the ball begins to travel back up. As the ball goes up, its velocity
gets less until it stops at C and begins to fall again.

Q
displacement
A

>

B D time

Exercise

15 By considering the gradient of the displacement-time graph in Figure 2.29, plot the velocity-time
graph for the motion of the bouncing ball.

Example 3: A ball falling with air resistance

Figure 2.30 represents the motion of a ball that is dropped several hundred metres
through the air. It starts from rest and accelerates for some time. As the ball accelerates,
the air resistance gets bigger, which prevents the ball from getting any faster. At this
point the ball continues with constant velocity.



Exercise

16 By considering the gradient of the displacement-time graph plot the velocity-time graph for the
motion of the falling ball in Figure 2.30.

Projectile motion

A stroboscopic photograph
of a projected ball.

We all know what happens when a ball is thrown; it follows a curved path like the one
in the photo. We can see from this photo that the path is parabolic, and later we will
show why that is the case.

Modelling projectile motion

All examples of motion up to this point have been in one
dimension but projectile motion is two-dimensional.
However, if we take components of all the vectors
vertically and horizontally, we can simplify this into two
simultaneous one-dimensional problems. The important B

thing to realize is that the vertical and horizontal e O—> \
components are independent of each other; you can
test this by dropping a stone off a cliff and throwing one
forward at the same time: they both hit the bottom together.
The downward motion is not altered by the fact that one
stone is also moving forward.

Consider a ball that is projected at an angle 6to the
horizontal, as shown in Figure 2.31. We can split the
motion into three parts, beginning, middle, and end, and
analyse the vectors representing displacement, velocity,
and time at each stage. Note that the path is symmetrical,

so the motion on the way down is the same as on the Figure 2.31 A projectile
launched at an angle 6.

Range

way up.
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Table 2.4 Horizontal
components.

Table 2.5 \ertical
components.

Table 2.6 suvat for horizontal
motion.

Table 2.7 suvat for
vertical motion.

Parabolic path

Since the horizontal
displacement is
proportional to t the
path has the same shape
as a graph of vertical
displacement plotted
against time. This is
parabolic since the
vertical displacement is
proportional to 2.
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Horizontal components

At A (time = 0) AtB (time = 1) At C (time = 1)
Displacement = zero Displacement = g Displacement = R
Velocity = vcos 6 Velocity = vcos 6 Velocity = vcos 6
Acceleration = 0 Acceleration = 0 Acceleration = 0

Vertical components

At A At B At C
Displacement = zero Displacement = h Displacement = zero
Velocity = vsin 6 Velocity = zero Velocity = —vsin 0
Acceleration = -g Acceleration = —g Acceleration = —g

We can see that the vertical motion is constant acceleration and the horizontal motion
is constant velocity. We can therefore use the suvat equations.

suvat for horizontal motion

Since acceleration is zero there is only one equation needed to define the motion.

suvat AtoC

‘ Velocity =v = % ‘ R = vcos 0t ‘

suvat for vertical motion

When considering the vertical motion it is worth splitting the motion into two parts.

suvat AtB At C
s=3u+wt h =1(vsin 6)5 0 =Xvsin6-vsinO)t
V2 =u? + 2as 0 = Vv2sin?6 - 2gh (~vsin B)2 = (vsin )2 -0
s=ut+ lat? h = vsin Gt—%g(%)z 0 = vsin 6t — 3gt?
a=v—tu gz‘/s'n_# g=vsin9—t—vsin9

2

Some of these equations are not very useful since they simply state that 0 = 0. However
we do end up with three useful ones (highlighted):

R=vcos Ot (1)
v2sin? 0
0=v?sin’0-2gh or h= 2g ()
1 2vsin O
0=vsinOt—5gt* or t= g (3)

Solving problems

In a typical problem you will be given the magnitude and direction of the initial
velocity and asked to find either the maximum height or range. To calculate h you
can use equation (2) but to calculate R you need to find the time of flight so must use



(3) first (you could also substitute for t into equation (1) to give a fourth equation but
maybe we have enough equations already).

You do not have to remember a lot of equations to solve a projectile problem. If you
understand how to apply the suvat equations to the two components of the projectile
motion, you only have to remember the suvat equations (and they are in the databook).

Worked example

A ball is thrown at an angle of 30° to
the horizontal at a speed of 20ms™.
Calculate its range and the
maximum height reached.

Solution Figure 2.32.

First, as always, draw a diagram, including labels defining all the quantities known
and unknown.
Now we need to find the time of flight. If we apply s = ut + %atz to the whole flight we get

_sinf _ (2x20 x sin 30)
t="g = 10

We can now apply s = vt to the whole flight to find the range:
R=vcos0t=20xcos30°x2=34.6m

Finally to find the height, we use s = ut + %at2 to the vertical motion, but remember,
this is only half the complete flight so the time is 1.

h=vsin@t—5g2=20xsin30°x1-3x10x12=10-5=5m

Worked example

A ballis thrown horizontally from a cliff top with a horizontal speed of 10ms™. If
the cliff is 20 m high what is the range of the ball?

Solution

This is an easy one since there aren’t any angles to deal with. The initial vertical

component of the velocity is zero and the horizontal component is 10ms™. To

calculate the time of flight we apply s = ut + %at2 to the vertical component. Knowing

that the final displacement is —20 m this gives

@x20) _
10

We can now use this value to find the range by applying the formula s = vt to the

horizontal component: R =10 x 2 =20m

~20m=0-1gt?s0t= 2s

@ Maximum range
For a given value of v the

maximum range is when
VCos Bt is a maximum
value.
2vsin O
Now t = g
If we substitute this for
t we get
2v2.cos Bsin O
- g
This is a maximum when
cos 0sin B is maximum,
which is when 6 = 45°.

When a bullet is fired at a
distant target it will travel
in a curved path due to
the action of gravity and
air resistance. Precision
marksmen adjust their
sights to compensate
for this. The angle of
this adjustment could

be based on calculation
or experiment (trial and
error).

Figure 2.33.

If you have ever played golf
you will know it is not true
that the maximum range is
achieved with an angle of 45°%;
it is actually much less. This
is because the ball is held up
by the air like an airplane is.
In this photo Alan Shepard
is playing golf on the Moon.
Here the maximum range will
be at 45°.

o1
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CHALLENGE
YOURSELF

1 A projectile is launched
perpendicular to a 30°

slope at 20ms™". Calculate
the distance between the

launching position and
landing position.

Figure 2.34.

To learn more about
motion, go to the hotlinks
site, search for the title

or ISBN and click on
Chapter 2.

NATURE OF SCIENCE

Newton's three laws

of motion are a set

of statements, based

on observation and
experiment, that can

be used to predict the
motion of a point object
from the forces acting on
it. Einstein showed that
the laws do not apply
when speeds approach
the speed of light.
However, we still use
them to predict outcomes
at the lower velocities
achieved by objects
travelling in the lab.
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Exercises

17 Calculate the range of a projectile thrown at an angle of 60° to the horizontal with velocity 30ms™".

18 You throw a ball at a speed of 20ms.

(a) Atwhat angle must you throw it so that it will just get over a wall that is 5m high?
(b) How far away from the wall must you be standing?

19 Agun is aimed so that it points directly at the centre of a target 200m away. If the bullet travels at
200ms™! how far below the centre of the target will the bullet hit?

20 |If you can throw a ball at 20ms™" what is the maximum distance you can throw it?

Projectile motion with air resistance

In all the examples above we have ignored the fact that the air will resist the motion
of the ball. The actual path of a ball including air resistance is likely to be as shown in
Figure 2.34.

/’ \\
e ~
7 N
4 AN
// AN
J \ Without air
/ N resistance
/ \
\
\
With air AN
resistance AN

Notice both the height and range are less. It is also no longer a parabola — the way
down is steeper than the way up.

Forces

2.2 Forces

Understandings, applications, and skills:

Objects as point particles
Free body diagrams
® Representing forces as vectors.
e Sketching and interpreting free body diagrams.
Guidance
o Students should label forces using commonly accepted names or symbols. e.g. Weight.
e Free body diagrams should show scaled vector lengths acting from the point of application.
Translational equilibrium
Newton’s laws of motion
® Describing the consequences of Newton's first law for translational equilibrium.
® Using Newton's second law quantitatively and qualitatively. Identifying force pairs in the context of
Newton'’s third law. Solving problems involving forces and determining resultant force.
Guidance
® Examples and questions will be limited to constant mass.
® mg should be identified as weight.
e Calculations relating to the determination of resultant forces will be restricted to one and two
dimensional situations.
Solid friction
e Describing solid friction (static and dynamic) by coefficients of friction.



Force (F)

We can now model the motion of a constantly accelerating body but what makes it
accelerate? From experience we know that to make something move we must push or
pull it. We call this applying a force. One simple way of applying a force to a body is to
attach a string and pull it. Imagine a sphere floating in space with two strings attached;
the sphere will not start to move unless one of the astronauts pulls the string as in
Figure 2.35.

A force is a push or a
pull.

The unit of force is the
newton.

Figure 2.35 Two astronauts
and a red ball.

The size of one newton

If you hold an object of
mass 100g in your hand
then you will be exerting
an upward force of about
one newton (TN).

If A pulls the string then the body will move to the left, and if B pulls it will move to the
right. We can see that force is a vector quantity since it has direction.

Addition of forces

Since force is a vector we must add forces vectorially, so if A applies a force of 50N and
B applies a force of 60N the resultant force will be 10N towards B, as can be seen in
Figure 2.36.

A

Figure 2.36 Astronaut A pulls harder than B. Figure 2.37 Astronauts pulling at right angles.

Or, in two dimensions, we can use trigonometry as in Figure 2.37. .
Astronauts in space

In this case we can use Pythagoras to find x are considered here
so that no other forces

x=502+602=78N are present. This makes

things simpler.
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Taking components

As with other vector quantities we can calculate components of forces, for example we
might want to know the resultant force in a particular direction.

In Figure 2.38 the component of the force in the x direction is F, = 60 x cos 30° = 52N.

This is particularly useful when we have several forces.

Figure 2.41 Balanced forces.
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A A

Figure 2.38 Pulling at an angle. Figure 2.39 Astronauts not pulling in line.

In the example shown in Figure 2.39 we can use components to calculate the resultant
force in the x direction = 60 x cos 30° + 50 x cos 30° =52 + 43 =95N.

Exercise

21 Find the resultant force in the following examples:

(a) 10N (b)
3N
10N
5N
10N Figure 2.40.
Equilibrium

If the resultant force on a body is zero, as in Figure 2.41, then we say the forces are
balanced or the body is in equilibrium.




Or with three forces as in Figure 2.42.

In this example the two blue forces are perpendicular making the trigonometry easy.
Adding all three forces gives a right-angled triangle. We can also see that if we take
components in any direction then the forces must be balanced.

Taking components in the x direction:
=50 x cos 45° = 50 x cos 45° + 70.7 =-35.35-35.35+70.7 =0
Taking components in the y direction:

50 x sin 45° - 50 x sin 45° =0

Free body diagrams

Problems often involve more than one body; for example, the previous problem
involved four bodies, three astronauts, and one red ball. All of these bodies will
experience forces but if we drew them all on the diagram it would be very confusing,
For that reason we only draw forces on the body we are interested in, in this case the
red ball. This is called a free body diagram as shown in Figure 2.43. Note that we treat
the red ball as a point object by drawing the forces acting on the centre. Not all forces
actually act on the centre but when adding forces it can be convenient to draw them as
if they do.

Exercises
22 In the following examples (a) (b) 300 ano
calculate the force F required 30
to balance the forces. 40N 40N\ | /40N
Figure2.44. 60N 60N ~
3 F
23 Calculate the resultant force (a) (b)
for the following.
Figure 2.45. 40N
40N 60N

Figure 2.42 Three balanced

forces.

50N

70.7N

50N

A
Figure 2.43 A free body
diagram of the forces in
Figure. 2.42.
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Using laws in physics
A law in physics is a very
useful tool. If applied
properly, it enables us

to make a very strong
argument that what we
say is true. If asked ‘will a
box move?' you can say
that you think it will and
someone else could say
it won't. You both have
your opinions and you
would then argue as to
who is right. However,

if you say that Newton's
law says it will move, then
you have a much stronger
argument (assuming you
have applied the law
correctly).
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24 By resolving the vectors into components, calculate if the following bodies are in translational
equilibrium or not. If not, calculate the resultant force.

(a) 8.66N (b) 4N 6N
N ]
30°
4N .
l10N Figure 2.46.
25 |[f the following two examples are in equilibrium, calculate the unknown forces F;, F,, and Fs.
@ 6N (b) £ 20N
7 N
~730°)
F
60N Figure 2.47.

Newton'’s first law of motion

From observation we can conclude that to make a body move we need to apply an
unbalanced force to it. What isn’t so obvious is that once moving it will continue
to move with a constant velocity unless acted upon by another unbalanced force.
Newton’s first law of motion is a formal statement of this:

A body will remain at rest or moving with constant velocity unless acted upon
by an unbalanced force.

The reason that this is not obvious to us on Earth is that we don't tend to observe
bodies travelling with constant velocity with no forces acting on them; in space it
would be more obvious. Newton’s first law can be used in two ways. If the forces on a
body are balanced then we can use Newton'’s first law to predict that it will be at rest

or moving with constant velocity. If the forces are unbalanced then the body will not
be at rest or moving with constant velocity. This means its velocity changes — in other
words, it accelerates. Using the law the other way round, if a body accelerates then
Newton’s first law predicts that the forces acting on the body are unbalanced. To apply
this law in real situations we need to know a bit more about the different types of force.

Types of force

Tension

Tension is the name of the force exerted by the ——
astronauts on the red ball. If you attach a string to a

body and pull it then you are exerting tension, as in

Figure 2.48.

Figure 2.48 Exerting tension
with a string.



Normal reaction

Whenever two surfaces are in contact with (touching) each other there will be a force
between them. This force is perpendicular to the surface so it is called the normal
reaction force. If the astronaut pushes the ball with his hand as in Figure 2.49, then there
will be a normal reaction between the hand and the ball.

Note that the force acts on both surfaces so the astronaut will also experience a normal
force. However, since we are interested in the ball, not the astronaut, we take the ball as
our ‘free body’ so only draw the forces acting on it.

Figure 2.49 A normal
reaction force is exerted when
Gravitational force (Welght) a hand is in contact with a ball.
Back on Earth, if a body is released above the ground as in Figure 2.50, it accelerates
downwards. According to Newton'’s first law there must be an unbalanced force
causing this motion; this force is called the weight. The weight of a body is directly
proportional to its mass: W = mg where g = 9.81 Nkg™!. Note that this is the same as the
acceleration of free fall. You will find out why later on.

Note that the weight acts at the centre of the body. W

If a block is at rest on the floor then Newton'’s first law implies that the forces are the ground

balanced. The forces involved are weight (because the block has mass and is on the ]
Earth) and normal force (because the block is in contact with the ground). Figure 2.51

shows the forces. Figure 2.50 A ball in free fall.

I

Figure 2.51 A free body diagram of a box Figure 2.52 A string applies an upward force Figure 2.53 The block is lifted as the tension is
resting on the ground. on the box. bigger than its weight.

These forces are balanced so-W +R=0or W =R.
If the mass of the block is increased then the normal reaction will also increase. R
If a string is added to the block then we can exert tension on the block as in Figure 2.52.

The forces are still balanced since T + R = W. Notice how W has remained the same but
R has got smaller. If we pull with more force we can lift the block as in Figure 2.53. At
this point the normal reaction R will be zero. The block is no longer in contact with the
ground; now T=W.

The block in Figure 2.54 is on an inclined plane (slope) so the weight still acts
downwards. In this case it might be convenient to split the weight into components,
one acting down the slope and one into the slope.

The component of weight perpendicular to the slope is W cos 6. Since there is no w

movement in this direction the force is balanced by R. The component of weight Figure 2.54 Free body

diagram for a block on a
slope. o7



Figure 2.55 The force

experienced by a block pulled
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along a table.

Mechanics

parallel to the slope is W sin 6. This force is unbalanced, causing the block to accelerate
down the slope. If the angle of the slope is increased then sin 6 will also increase,
resulting in a greater force down the slope.

Friction

There are two types of friction: static friction, which is the force that stops the relative
motion between two touching surfaces and dynamic friction, which opposes the relative
motion between two touching surfaces. In both cases the force is related to both the
normal force and the nature of the surfaces, so pushing two surfaces together increases
the friction between them.

F = uR where p is the coefficient of friction (static or dynamic).

Dynamic friction

In Figure 2.55 a block is being pulled along a table at a constant velocity.

2R
27
o e
2u R
2w
Figure 2.56 Two blocks joined with a rope. Figure 2.57 Two blocks on top of
each other.

Since the velocity is constant, Newton'’s first law implies that the forces are balanced

so T =Fand W = R. Notice that friction doesn’t depend on the area of contact. We can
show this by considering two identical blocks sliding at constant velocity across a table
top joined together by a rope as in Figure 2.56. The friction under each cube is 4R so
the total friction would be 2 R.

If the one cube is now placed on top of the other as in Figure 2.57, the normal force
under the bottom cube will be twice as much so the friction is now 2pyR. It doesn’t
matter if the blocks are side by side (large area of contact) or on top of each other
(small area of contact); the friction is the same.

If this is the case, then why do racing cars have wide tyres with no tread pattern
(slicks)? There are several reasons for this but one is to increase the friction between
the tyres and the road. This is strange because friction is not supposed to depend on
area of contact. In practice friction isn’t so simple. When one of the surfaces is sticky
like the tyres of a racing car the force does depend upon the surface area. The type of
surfaces we are concerned with here are quite smooth, non-sticky surfaces like wood
and metal.

Static friction

If a very small force is applied to a block at rest on the ground it won’t move. This
means that the forces on the block are balanced (Newton’s first law): the applied force is
balanced by the static friction.



at rest at rest acceleration

F ’ uR uR »

In this case the friction simply equals the applied force: F =T. As the applied force

is increased the friction will also increase. However, there will be a point when the
friction cannot be any bigger. If the applied force is increased past that point the block
will start to move; the forces have become unbalanced as illustrated in Figure 2.58.

The maximum value that friction can have is u,R where pis the coefficient of static
friction. The value of static friction is always greater than dynamic friction. This can
easily be demonstrated with a block on an inclined plane as shown in Figure 2.59.

In the first example the friction is balancing the component of weight down the plane
which equals W sin 6, where 01is the angle of the slope. As the angle of the slope is
increased, the point is reached where the static friction = pR. The forces are still
balanced but the friction cannot get any bigger so if the angle is increased further the
forces become unbalanced and the block will start to move. Once the block moves the
friction becomes dynamic friction. Dynamic friction is less than static friction, so this
results in a bigger resultant force down the slope, causing the block to accelerate.

Friction doesn’t just slow things down, it is also the force that makes things move.
Consider the tyre of a car as it starts to drive away from the traffic lights. The rubber
of the tyre is trying to move relative to the road. In fact, if there wasn’t any friction
the wheel would spin as the tyre slipped backwards on the road. The force of friction
that opposes the motion of the tyre slipping backwards on the road is therefore in the
forwards direction.

If the static friction between the tyre and the road is not big enough the tyre will slip.
Once this happens the friction becomes dynamic friction which is less than static
friction, so once tyres start to slip they tend to continue slipping.

Buoyancy

Buoyancy is the name of the force
experienced by a body totally or
partially immersed in a fluid (a fluid
is a liquid or gas). The size of this
force is equal to the weight of fluid
displaced. It is this force that enables
aboat to float and a helium balloon

to rise in the air. Let us consider a Q ﬂ
football and a bucket full of water. \_1

Figure 2.58 LR is the
maximum size of friction.

Figure 2.59 A block rests on a
slope until the forces become
unbalanced.

Figure 2.60 Friction pushes
the car forwards.

Figure 2.61 A football
immersed in a bucket of water.
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Figure 2.62 A football floats
in a bucket of water.

Fy
Fy

w
FhF, F
Fy
w w
Fy

Fd Fb
Fy
W w

Figure 2.63 A balloon
reaches terminal velocity as
the forces become balanced.
Notice the buoyant force is
also present.

Speed skiers wear special
clothes and squat down like
this to reduce air resistance.

60

Mechanics

If you take the football and push it under the water then water will flow out of the
bucket (luckily a big bowl was placed there to catch it). The weight of this displaced
water is equal to the upward force on the ball. To keep the ball under water you would
therefore have to balance that force by pushing the ball down.

The forces on a floating object are balanced so the weight must equal the buoyant
force. This means that the ball must have displaced its own weight of water as in
Figure 2.62.

Air resistance

Air resistance, or drag force, is the force that opposes the motion of a body through the
air. The size of this force depends on the speed, size and shape of the body. At slow
speeds the drag force experienced by a sphere is given by Stoke’s law:

F=6mnvr

where 1 = viscosity (a constant)
v = velocity
r = radius

When a balloon is dropped it accelerates downwards due to the force of gravity. As it
falls through the air it experiences a drag force opposing its motion. As the balloon’s
velocity gets bigger so does the drag force, until the drag force balances its weight at
which point its velocity will remain constant (Figure 2.63). This maximum velocity is
called its terminal velocity.

The same thing happens when a parachutist jumps out of a plane. The terminal
velocity in this case is around 54 m s™! (195 km h™!). Opening the parachute increases
the drag force which slows the parachutist down to a safer 10 m s™! for landing.

As it is mainly the air resistance that limits the top speed of a car, a lot of time and
money is spent by car designers to try to reduce this force. This is particularly
important at high speeds when the drag force is related to the square of the speed.

AR
R L
Fy 2 2 Fq Fe
4— 4—
w
v

Figure 2.64 The forces acting
on a car travelling at constant
velocity.




Exercises

26 A ball of weight T0 N is suspended on a string and pulled to one side by another horizontal string as
shown in Figure 2.65. If the forces are balanced:

(a) write an equation for the horizontal components of the forces acting on the ball
(b) write an equation for the vertical components of the forces acting on the ball
(c) use the second equation to calculate the tension in the upper string, T

(d) use your answer to (c) plus the first equation to find the horizontal force F.

27 The condition for the forces to be balanced is that the sum of
components of the forces in any two perpendicular components
is zero. In the ‘box on a ramp’ example the vertical and horizontal
components were taken. However, it is sometimes more convenient to
consider components parallel and perpendicular to the ramp.

Consider the situation in Figure 2.66. If the forces on this box are
balanced: 30°

(a) write an equation for the components of the forces parallel to
the ramp

(b) write an equation for the forces perpendicular to the ramp

(c) use your answers to find the friction (F) and normal force (N).

+50 N

Figure 2.66.

28 A rock climber is hanging from a rope attached to the cliff by two bolts as shown in Figure 2.67. If the
forces are balanced

(a) write an equation for the vertical component of the forces on the knot
(b) write an equation for the horizontal forces exerted on the knot
(c) calculate the tension T in the ropes joined to the bolts.

The result of this calculation shows why ropes should not be connected in this way.

Momentum and impulse

2.4 Momentum and impulse

Understandings, applications, and skills:

Newton’s second law expressed as a rate of change of momentum
® Applying conservation of momentum in isolated systems including (but not limited to) the motion
of rockets, collisions, explosions, or water jets.
® Using Newton's second law quantitatively and qualitatively in cases where mass is not constant.
Guidance
o Students should be aware that F = ma is equivalent to F = Ap/At only when mass is constant.
Impulse and force-time graphs
e Sketching and interpreting force-time graphs.
@ Determining impulse in various contexts including (but not limited to) car safety and sports.
Conservation of linear momentum
Elastic collisions, inelastic collisions, and explosions
e Qualitatively and quantitatively comparing situations involving elastic collisions, inelastic collisions,
and explosions.
Guidance
e Solving simultaneous equations involving conservation of momentum and energy in collisions will not
be required.
e Calculations relating to collisions and explosions will be restricted to one-dimensional situations.
® A comparison between inelastic collisions (in which kinetic energy is not conserved) and the
conservation of (total) energy should be made.

The relationship between force and acceleration

Newton'’s first law states that a body will accelerate if an unbalanced force is applied to
it. Newton'’s second law tells us how big the acceleration will be and in which direction.

Figure 2.65.

Figure 2.67.
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The principle of
conservation of
momentum is a
consequence of Newton's
laws of motion applied
to the collision between
two bodies. If this applies
to two isolated bodies
we can generalize that it
applies to any number
of isolated bodies. Here
we will consider colliding
balls but it also applies
to collisions between
microscopic particles
such as atoms.
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Before we look in detail at Newton’s second law we should look at the factors that
affect the acceleration of a body when an unbalanced force is applied. Let us consider
the example of catching a ball. When we catch the ball we change its velocity, Newton’s
first law tells us that we must therefore apply an unbalanced force to the ball. The size
of that force depends upon two things, the mass and the velocity. A heavy ball is more
difficult to stop than a light one travelling at the same speed, and a fast one is harder to
stop than a slow one. Rather than having to concern ourselves with two quantities we
will introduce a new quantity that incorporates both mass and velocity: momentum.

Momentum (p)

Momentum is defined as the product of mass and velocity: p=mv
the unit of momentum is kgms™.

Momentum is a vector quantity.

Impulse

When you get hit by a ball the effect it has on you is greater if the ball bounces off you
than if you catch it. This is because the change of momentum is greater when the ball
bounces, as shown in Figure 2.68.

The impulse is defined as the change of momentum.
The unit of impulse is kgm ™.

Impulse is a vector.

Red ball

Momentum before =mv @ O

Momentum after = —mv (remember momentum

is a vector) —_—>

Change in momentum = —my — my = —2my @

Blue ball Before After
Momentum before = mv

Momentum after =0 Figure 2.68 The change of momentum
Change in momentum = 0 —my = —mv of the red ball is greater.

Exercises

29 Aball of mass 200g travelling at 10m s bounces off a wall as in Figure 2.68. If after hitting the wall it
travels at 5ms!, what is the impulse?

30 Calculate the impulse on a tennis racket that hits a ball of mass 67 g travelling at T0ms™' so that it
comes off the racket at a velocity of 50ms.

Newton’s second law of motion

The rate of change of momentum of a body is directly proportional to the
unbalanced force acting on that body and takes place in same direction.

Let us once again consider a ball with a constant force acting on it as in Figure 2.69.



time=0 time =t
< s

Newton’s first law tells us that there must be an unbalanced force acting on the ball
since it is accelerating.

Newton’s second law tells us that the size of the unbalanced force is directly
proportional to the rate of change of momentum. We know that the force is constant
so the rate of change of momentum is also constant, which, since the mass is also
constant, implies that the acceleration is uniform so the suvat equations apply.

If the ball has mass m we can calculate the change of momentum of the ball.
Initial momentum = mu
Final momentum = my

Change in momentum = my —mu
my—mu

The time taken is t so the rate of change of momentum = —

This is the same as M =ma.

Newton'’s second law states that the rate of change of momentum is proportional to
the force, so F o< ma.

To make things simple the newton is defined so that the constant of proportionality is
equal to 1 so:
F=ma

So when a force is applied to a body in this way, Newton’s second law can be simplified to:

The acceleration of a body is proportional to the force applied and inversely
proportional to its mass.

Not all examples are so simple. Consider a jet of water hitting a wall as in Figure 2.70.
The water hits the wall and loses its momentum, ending up in a puddle on the floor.

Newton'’s first law tells us that since the velocity of the water is changing, there must be
a force on the water,

Newton’s second law tells us that the size of the force is equal to the rate of change
of momentum. The rate of change of momentum in this case is equal to the amount
of water hitting the wall per second multiplied by the change in velocity; this is not
the same as ma. For this reason it is best to use the first, more general statement of
Newton’s second law, since this can always be applied.

However, in this course most of the examples will be of the F = ma type.

Example 1: Elevator accelerating upwards

An elevator has an upward acceleration of 1 ms™. If the mass of the elevator is 500kg,
what is the tension in the cables pulling it up?

Figure 2.69.

Unit of momentum

If F = change in

momentum/time then
momentum = force x

time.
So the unit of

momentum is Ns. This
is the same as kgms™".

Figure 2.70.
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o
o

Figure 2.71 An elevator
accelerating upwards. This
could either be going up
getting faster or going down
getting slower.

L

Figure 2.72 The elevator with
downward acceleration.
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First draw a free body diagram as in Figure 2.71. Now we can see what forces are
acting. Newton’s first law tells us that the forces must be unbalanced. Newton’s second
law tells us that the unbalanced force must be in the direction of the acceleration
(upwards). This means that T is bigger than mg.

Newton's second law also tells us that the size of the unbalanced force equals ma so we
get the equation
T-mg=ma

Rearranging gives
T=mg+ma
=500 x10+500 x 1
=5500N

Example 2: Elevator accelerating downwards

The same elevator as in example 1 now has a downward acceleration of 1 ms2as in
Figure 2.72.

This time Newton’s laws tell us that the weight is bigger than the tension so mg—T =ma

Rearranging gives
T=mg—ma

=500x10-500 x 1

=4500N
Example 3: Joined masses a

—_—
Two masses are joined by a rope. One of the masses sits N
on a frictionless table, the other hangs off the edge as in T
Figure 2.73.
M is being dragged to the edge of the table by m. T
M

Both are connected to the same rope so T is the same for J +a
both masses. This also means that the acceleration a is
the same. mg

We do not need to consider N and Mg for the mass on
the table because these forces are balanced. However the

horizontally unbalanced force is T. Figure 2.73.

Applying Newton’s laws to the mass on the table gives
T=Ma
The hanging mass is accelerating down so myg is bigger than T. Newton’s second law
implies that mg—T = ma
. . . _ - - m
Substituting for T gives mg—Ma=maso a _S_M o
Example 4: The free fall parachutist

After falling freely for some time, a free fall parachutist whose weight is 60kg opens his
parachute. Suddenly the force due to air resistance increases to 1200 N. What happens?



Looking at the free body diagram in Figure 2.74 we can see that the forces are
unbalanced and that according to Newton’s second law the acceleration, a, will
be upwards.

The size of the acceleration is given by
ma=1200-600 = 60 x a
o) a=10ms™

The acceleration is in the opposite direction to the motion. This will cause the
parachutist to slow down. As he slows down, the air resistance gets less until the forces
are balanced. He will then continue down with a constant velocity.

Exercises

31 The helium in a balloon causes an upthrust of 0.1 N. If
the mass of the balloon and helium is 6 g, calculate the
acceleration of the balloon.

32 Aropeis used to pull a felled tree (mass 50kg) along the
ground. A tension of T000N causes the tree to move from
rest to a velocity of 0.1 ms™ in 2s. Calculate the force due to
friction acting on the tree.

5k
33 Two masses are arranged on a frictionless table as shown in 9
Figure 2.75. Calculate:
(a) the acceleration of the masses
(b) the tension in the string. Figure 2.75.

34 A helicopter is lifting a load of mass 1000 kg with a rope. The rope is strong enough to hold a force of
12kN. What is the maximum upward acceleration of the helicopter?

35 A person of mass 65kg is standing in an elevator that is accelerating upwards at 0.5ms2.
What is the normal force between the floor and the person?

36 A plastic ball is held under the water by a child in a swimming pool. The volume of the ball is
4000cm?.

(a) If the density of water is 1000 kgm=, calculate the buoyant force on the ball (remember buoyant
force = weight of fluid displaced).

(b) If the mass of the ball is 250g, calculate the theoretical acceleration of the ball when it is released.
Why won't the ball accelerate this quickly in a real situation?

? 1200N
600N
Figure 2.74 The parachutist

just after opening the
parachute.

Even without a parachute
base jumpers reach terminal
velocity.
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motion sensor

Figure 2.76 Apparatus
for finding the relationship
between force and
acceleration.

The relationship

Experiment to test the relationship between acceleration and force

It isn't easy to apply a constant, known force to a moving body: just try pulling a cart along the
table with a force meter and you will see. One way this is often done in the laboratory is by
hanging a mass over the edge of the table as shown in Figure 2.76.

If we ignore any friction in the pulley or in the wheels of the trolley then the unbalanced
force on the trolley = T. Since the mass is accelerating down then the weight is bigger than T
so W - T = ma where m is the mass hanging on the string. The tension is therefore given by
T=mg-ma=m(g - a).

There are several ways to measure the acceleration of the trolley; one is to use a motion
sensor. This senses the position of the trolley by reflecting an ultrasonic pulse off it. Knowing
the speed of the pulse, the software can calculate the distance between the trolley and sensor.
As the trolley moves away from the sensor the time taken for the pulse to return increases;
the software calculates the velocity from these changing times. Using this apparatus, the
acceleration of the trolley for different masses was measured, and the results are given in the
Table 2.8.

Table 2.8 Results from the force and acceleration experiment.

between force and Mass/kg Acceleration/ms— Tension Max = Min
acceleration +0.0001 kg +0.03 ms2 (T=mg - ma)/N T/N T/N AT/N
Full details of how to 0.0100 0.10 0.097 0.098 | 0.096 | 0.001
carry out this experiment
with a worksheet are 0.0500 0.74 0.454 0.453 0.451 0.001
available online.
0.0600 0.92 0.533 0.532 | 0.531 | 0.001
Figure 2.77 Graph of tension 0.1000 1.49 0.832 0.830 | 0.828 | 0.001
against acceleration 0.1500 2.12 1.154 1.150 | 1.148 | 0.001
=12 7 The.uncertaint.y in mass is given by the Iast. -
S 4% decimal place in the scale, and the uncertainty in
a1 i acceleration by repeating one run several times. To
2 ] calculate the uncertainty in tension the maximum
10 = and minimum values have been calculated by
' slope = 0.521N m™'s? = adding and subtracting the uncertainties.
0.9 y ntercept = 0.055N == \ These results are shown in Figure 2.77.
Z \\\ Applying Newton's second law to the trolley the
0.8 » relationship between T and a should be T = Ma
| where M is the mass of the trolley. This implies that
0.7 \ the gradient of the line should be M. From the graph
' slope = 0.546 Nm-'s? we can see that the gradient is 0.52 + 0.02 kg which
06 / y intercept = 0.0199N is quite close to the 0.5 kg mass of the trolley.
' 7 According to theory the intercept should be (0, 0)
)y but we can see that there is a positive intercept of
05 > 0.05N. It appears that each value is 0.05N too big.
The reason for this could be friction. If there was
0.4 friction then the actual unbalanced force acting on
/ the trolley would be tension - friction. If this is the
03 7@ case then the results would imply that friction is
%// 1 about 0.05N.
0.2
slope = 0.501Nm-'s?
0.1 Y y intercept = 0.072N
' /
0
0 0.5 1.0 1.5 2.0
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Newton'’s third law of motion

When dealing with Newton'’s first and second laws, we are careful to consider only the
body that is experiencing the forces, not the body that is exerting the forces. Newton'’s
third law relates these forces.

If body A exerts a force on body B then body B will exert an equal and opposite
force on body A.

So if someone is pushing a car with a force F as shown in Figure 2.78 the car will
push back on the person with a force —F. In this case both of these forces are the
normal force.

You might think that since these forces are equal and opposite, they will be balanced,
and in that case how does the person get the car moving? This is wrong; the forces act
on different bodies so can’t balance each other.

Example 1: A falling body

A body falls freely towards the ground as in Figure 2.79. If we ®
ignore air resistance, there is only one force acting on the body

—the force due to the gravitational attraction of the Earth, that

we call weight.

Applying Newton’s third law:

If the Earth pulls the body down, then the body must pull the
Earth up with an equal and opposite force. We have seen that
the gravitational force always acts on the centre of the body, so
Newton’s third law implies that there must be a force equal to

Figure 2.80 The Earth
W acting upwards on the centre of the Earth as in Figure 2.80. g o

pulled up by gravity.

Example 2: A box rests on the floor

Abox sits on the floor as shown in Figure 2.81. Let us apply
Newton’s third law to this situation.
There are two forces acting on the box.

Normal force: The floor is pushing up on the box with a force
N. According to Newton'’s third law the box must therefore
push down on the floor with a force of magnitude N.

Weight: The Earth is pulling the box down with a force W.
According to Newton'’s third law, the box must be pulling the . .
. . o Figure 2.82 Forces acting
Earth up with a force of magnitude W as shown in Figure 2.82. ' i1c Earth according to
Newton's third law.

Incorrect statements

Itis very important to
realize that Newton's third
law is about two bodies.
Avoid statements of this
law that do not mention
anything about there
being two bodies.

Figure 2.78 The man pushes
the car and the car pushes the

Figure 2.79 A falling body
pulled down by gravity.

w

Figure 2.81 Forces acting on
a box resting on the floor.

Students often think that
Newton's third law implies
that the normal force =
-weight, but both of these
forces act on the box. If
the box is at rest these
forces are indeed equal
and opposite but this is
due to Newton's first law.
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| — water

| — string

balance

Figure 2.83.

Figure 2.84 Collision
between two balls.
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Example 3: Recoil of a gun

When a gun is fired the velocity of the bullet changes. Newton’s first law implies that
there must be an unbalanced force on the bullet; this force must come from the gun.
Newton'’s third law says that if the gun exerts a force on the bullet the bullet must exert
an equal and opposite force on the gun. This is the force that makes the gun recoil or

‘kick back’.

Example 4: The water cannon

When water is sprayed at a wall from a hosepipe it hits the wall and stops. Newton’s
first law says that if the velocity of the water changes, there must be an unbalanced
force on the water. This force comes from the wall. Newton'’s third law says that if the
wall exerts a force on the water then the water will exert a force on the wall. This is the
force that makes a water cannon so effective at dispersing demonstrators.

A boat tests its water cannons.

Exercise

37 Use Newton's first and third laws to explain the following:

(a) When burning gas is forced downwards out of a rocket motor, the rocket accelerates up.

(b) When the water cannons on the boat in the photo are operating, the boat accelerates forwards.

(c) When you step forwards off a skateboard, the skateboard accelerates backwards.

(d) A table tennis ball is immersed in a fluid and held down by a string as shown in Figure 2.83. The
container is placed on a balance. What will happen to the reading of the balance if the string
breaks?

Collisions

In this section we have been dealing with the interaction between two bodies
(gun-bullet, skater—skateboard, hose—water). To develop our understanding of the
interaction between bodies, let us consider a simple collision between two balls as
illustrated in Figure 2.84.

Uy Uy
S —
Before
m, m,
During
1 F,
vy « vy \
> >

After



Let us apply Newton'’s three laws to this problem.

Newton’s first law

In the collision the red ball slows down and the blue ball speeds up. Newton’s first law
tells us that that this means there is a force acting to the left on the red ball (F,) and to
the right on the blue ball (F,).

Newton’s second law
This law tells us that the force will be equal to the rate of change of momentum of the

balls so if the balls are touching each other for a time At:

= vy — hth
At

= Mavy — Moy
At

Fy
F,

Newton’s third law

According to the third law, if the red ball exerts a force on the blue ball, then the blue
ball will exert an equal and opposite force on the red ball.

FIZ_FZ

MV — 1ty _ —(myv, —myy)
At At

Mty + Mylly = My + myv,

Rearranging gives

In other words the momentum at the start equals the momentum at the end.
We find that this applies not only to this example but to all interactions.

The law of the conservation of momentum

For a system of isolated bodies the total momentum is always the same.

This is not a new law since it is really just a combination of Newton’s laws. However it
provides a useful short cut when solving problems.

Examples

In these examples we will have to pretend everything is in space isolated from the
rest of the Universe, otherwise they are not isolated and the law of conservation of
momentum won't apply.

1. A collision where the bodies join together

If two balls of modelling clay collide with each other they stick together as shown in
Figure 2.85. We want to find the velocity, v, of the combined lump after the collision.

v

6ms™ —_—>

—

Before After

°

3

Isolated system

An isolated system is
one in which no external
forces are acting. When
a ball hits a wall the
momentum of the ball is
not conserved because
the ball and wall is not
an isolated system, since
the wall is attached to
the ground. If the ball
and wall were floating in
space then momentum
would be conserved.

Simplified models

Pieces of clay floating
in space are not exactly
everyday examples,
but most everyday
examples (like balls on
a pool table) are not
isolated systems, so we
can't solve them in this
simple way.

Figure 2.85 Two bodies stick
together after colliding.
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Figure 2.86 A piece of
modelling clay suddenly
explodes.

Figure 2.87 Rocket engine
expels gas to give thrust.

A passenger jet airplane
powered by four jet engines.
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If bodies are isolated then momentum is conserved so:
momentum before = momentum after

01x6+0.5%x0.0=0.6xv

v=%=1ms’1

2. An explosion
A ball of clay floating around in space suddenly explodes into a big piece and a small

piece, as shown in Figure 2.86. If the big bit has a velocity of 5ms™, what is the velocity
of the small bit?

Since this is an isolated system, momentum is conserved so:
momentum before = momentum after
0x0.12=0.02x% (—=v)+0.1x5
0.02xv=0.5
y=25ms™!

Rocket engine

The momentum of a rocket plus fuel floating in space is zero but when the engines are
fired gas is expelled at high speed. This gas has momentum towards the left so in order
to conserve momentum the rocket will move towards the right.

zero momentum momentum of gas momentum of rocket
D ——
The momentum of the rocket will equal the momentum of the expelled gases, so
increasing the rate at which the gases are expelled will increase the acceleration of the

rocket. Note that the situation for a rocket about to blast off on the Earth is rather more
complex since the rocket + fuel can no longer be considered isolated.

Jet engine

A jet engine produces thrust (the force that pushes the plane forwards) by increasing
the speed of air taken in at the front by passing it through a series of turbines. The
fast-moving air expelled from the back of the engine has an increased momentum so
if momentum is to be conserved the plane must have increased momentum in the
forwards direction.



Exercise

38 Draw diagrams to represent the following collisions then use the law of conservation of momentum

to find the unknown velocity. Assume all collisions are head-on, in other words they take place in one
dimension.

(a) Two identical isolated balls collide with each other. Before the collision, one ball was travelling at
10ms™" and the other was at rest. After the collision the first ball continues in the same direction
with a velocity of Tms™". Find the velocity of the other ball.

(b) Two identical balls are travelling towards each other; each is travelling at a speed of 5ms™". After
they hit, one ball bounces off with a speed of Tms™". What is the speed of the other?

(c) Aspaceman of mass 100kg is stranded 2 m from his spaceship as shown in Figure 2.88. He
happens to be holding a hammer of mass 2 kg what must he do?

(d) If he only has enough air to survive for 2 minutes, how fast must he throw the hammer if he is to

get back in time? Is it possible?

Momentum and force

If a constant unbalanced force acts on an isolated body the graph of the force against

Figure 2.88 If you are
ever in this position
this course could save
your life.

time would be as shown in Figure 2.89, force remaining constant all the time.

According to Newton'’s second law the bodies rate of change of momentum will be

. _A
equal to force applied so F = <{.

~1 ~1
Rearranging this gives Amv = FAt where FAt is the area under the graph. 10ms; Aoms
This is the case whenever a force is applied over a time. FA @ @

Now let us consider a more difficult example of a 2kg steel ball
travelling at 10m s~ bouncing off a concrete wall as illustrated by the

graph in Figure 2.90.

From the graph you can see that the ball is only in contact with the wall
for 0.0002s, the force is not constant but has its maximum value, F,,,

in the middle of the bounce.

max

before

FA

>
>

t

Figure 2.89 Graph of force
against time for constant force.

during after

The change in momentum (impulse) = momentum after - momentum before
=-2x10 -2 x 10 =—40Ns. This is the same as the area under the graph which

= 2 % Fpay % 0.0002
507 X Frpae 0.0002 = —40 N's
which makes F,,,, = —400 kN.

Note that the force on the ball is —_— <—
negative because it is to the left. F4 @
If the same ball is thrown against before during after

a soft wall, the soft wall bends
inwards as the ball hits it, resulting
in a bounce lasting a much longer
time as represented by the graph in
Figure 2.91, let’s say 0.2s.

Y

-«
0.0002s

Figure 2.90 Graph of force
against time for a hard
collision.

Figure 2.91 Force against
time for a soft collision.

0.2s

Y

/1



rope.

The amount that a
climbing rope stretches
is related to the length
of the rope. If the length
is short then the stretch
may not be enough to
reduce the force of the
fall sufficiently. In this
case the person holding
the rope can allow the
rope to run by moving
forwards. This is a little
disconcerting for the
climber who falls further
than expected.
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Figure 2.92 Force against
time for a plasticine ball
landing on a force sensor.

Mechanics

The mass and change in velocity are the same as last time so impulse Amv = 40N's. This
means that the area under the graph is the same as last time so:

L% Foy x0.2=—40Ns
F,..=—400N.

From this example we can see that the amount of force required to slow down a body
is related to the time of application of the force. This is very important when designing
climbing ropes. If a climber fell a distance of 10m they would be travelling at about
14ms . If the rope didn’t stretch they would be brought to rest very quickly resulting
in a large force applied to the climber. This sudden large force would certainly injure
the climber and probably even break the rope. It is for this very reason that stretchy
ropes are used, making the result of being stopped by the rope pleasant rather than life
threatening. Similar considerations also come to play when designing cars. If cars were
made out of perfectly rigid materials, when involved in a crash they would stop very
rapidly. The driver would also subjected to large forces resulting in injury. To make the
time of collision longer and hence the force smaller, cars are designed with crumple
zones that collapse when the car hits something. This doesn’t make crashing a car
pleasant but can reduce injury.

Figure 2.92 shows some real data obtained by dropping a ball of modelling clay onto a
force sensor. The negative peak is probably due to the ball sticking to the force sensor
on the way back up. This graph is part of the data collected by IB student Gustav
Gordon researching the relationship between temperature and maximum force
experienced when a plasticine ball hits the floor for his Extended Essay.

(o)
o

40

20

force impact on the plate/N

{
N
o

0 0.001 0.002 0.003 0.004 0.005

time/s

Exercises

39 (a) Calculate the impulse of the body for the motion
represented in Figure 2.93.

force/N

(b) If the mass of the object is 20 g, what is the change of
velocity?

—_ N W B~ U

0" 0102030405

Figure 2.93. time/s

40 Use the data in Figure 2.93 to estimate the height that the 20 g plasticine ball was dropped from.



Pressure (P)

If we take the example of a block resting on the ground, the bottom surface of the
block is in contact with the ground so will exert a normal reaction force on the
ground. The normal reaction on the ground is equal to the normal reaction on the R
block (Newton’s third law) which, since the block is in equilibrium, is equal to the

weight of the object (Newton’s first law). The force on the ground will therefore be the

same no matter what the area of contact is, so in Figure 2.94 the normal reaction is the

same in both cases. Even though the force is the same, the effect of the force might be

different. Imagine the block was placed on something soft like snow, mud, or sand. The

block with the smallest area would then push into the soft material the most. This is

because the force per unit area (pressure) is greater.

orce R
pressure=—_
The unit pressure is the Nm™2 This is called a pascal (Pa). Figure 2.94 Comparing the

force under two different
areas.

m Work, energy, and power

2.4 Work, energy, and power

Understandings, applications, and skills:

Principle of conservation of energy
e Discussing the conservation of total energy within energy transformations.
Kinetic energy
Gravitational potential energy
Elastic potential energy
o Sketching and interpreting force-distance graphs.
Work done as energy transfer
® Determining work done including cases where a resistive force acts.
Guidance
® Cases where the line of action of the force and the displacement are not parallel should be
considered.
® Examples should include force-distance graphs for variable forces.
Power as rate of energy transfer
e Solving problems involving power.
Efficiency
® Quantitatively describing efficiency in energy transfers.

NATURE OF SCIENCE

Scientists should remain sceptical but that doesn't mean you have to doubt everything
you read. The law of conservation of energy is supported by many experiments, and is
the basis of countless predictions that turn out to be true. If someone now found that
energy was not conserved then there would be a lot of explaining to do. Once a law is
accepted it gives us an easy way to make predictions. For example, if you are shown a
device that produces energy from nowhere you know it must be a fake without even
finding out how it works because it violates the law of conservation of energy.

We have so far dealt with the motion of a small red ball and understand what causes

it to accelerate. We have also investigated the interaction between a red ball and a blue
one and have seen that the red one can cause the blue one to move when they collide.
But what enables the red one to push the blue one? To answer this question we need to
define some more quantities.
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Tms™ 9ms™!
d. >

5ms™!
b >

Figure 2.95 The red ball
hits the blue ball but what
happens?

Figure 2.96 The force acts on
the orange block for a greater
distance
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Work

In the introduction to this book it was stated that by developing models, our aim is

to understand the physical world so that we can make predictions. At this point you
should understand certain concepts related to the collision between two balls, but we
still can’t predict the outcome. To illustrate this point let us again consider the red and
blue balls. Figure 2.95 shows three possible outcomes of the collision.

If we apply the law of conservation of momentum, we realize that all three outcomes
are possible. The original momentum is 10 N's and the final momentum is 10 N's in all
three cases. But which one actually happens? This we cannot say (yet). All we know is
that from experience the last option is not possible — but why?

When body A hits body B, body A exerts a force on body B. This force causes B to have
an increase in velocity. The amount that the velocity increases depends upon how

big the force is and over what distance the collision takes place. To make this simpler,
consider a constant force acting on two blocks as in Figure 2.96.

F
L

]

F
—>

]

Both blocks start at rest and are pulled by the same force, but the orange block will gain
more velocity because the force acts over a longer distance. To quantify this difference,

we say that in the case of the orange block the force has done more work. Work is done
when the point of application of a force moves in the direction of the force.

Work is defined in the following way:
Work done = force x distance moved in the direction of the force
The unit of work is the newton metre (N m) which is the same as the joule (J).

Work is a scalar quantity.

Worked example

A tractor pulls a felled tree along the ground
for a distance of 200 m. If the tractor exerts a
force of 5000 N, how much work will be done?

Figure 2.97.

Solution

Work done = force x distance moved in direction of force

Work done = 5000 x 200 = 1 MJ



Worked example

A force of 10N is applied 10N 101
to a block, pulling it

50 m along the ground 300

as shown in Figure 2.98.

How much work is done
by the force? < 50m

Figure 2.98.
Solution

In this example the force is not in the same direction as the movement. However, the
horizontal component of the force is.

Work done =10 x cos 30° x 50 =433 N

Worked example

When a car brakes it slows down due to the friction force between the tyres and the
road. This force opposes the motion as shown in Figure 2.99. If the friction force is
a constant 500 N and the car comes to rest in 25 m, how much work is done by the
friction force?

=0 ﬁ

500N ¢&=—— 500N ¢=——
< 5m

Figure 2.99 Work done against friction.
Solution

This time the force is in the opposite direction to the motion.
Work done =-500 x 25=-12500]

The negative sign tells us that the friction isn’t doing the work but the work is being
done against the friction.

Worked example

The woman in Figure 2.100 walks along with a constant
velocity holding a suitcase.
How much work is done by the force holding the case?

Figure 2.100.
Solution

In this example the force is acting perpendicular to the
direction of motion, so there is no movement in the direction
of the force.

Work done = zero

Working or not?

It may seem strange that
when you carry a heavy
bag you are not doing
any work - that's not what
it feels like. In reality, lots
of work is being done,
since to hold the bag
you use your muscles.
Muscles are made of
microscopic fibres,
which are continuously
contracting and relaxing,
so are doing work.
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force A

«— AX —> distance

Figure 2.103 Force vs
distance for a constant force.

force A

>

«—— Ax—> extension

Figure 2.105 Force vs
extension for a spring.
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General formula

In general

Work = Fcos 6 x As

where 61is the angle between
the displacement, As, and
force, F (see Figure 2.101). <

As

Figure 2.101.
All the previous examples can be solved using this formula.

If 6<90°, cos Ois positive so the work is positive.
0=90°, cos 6=0 so the work is zero.

0>90°, cos O1is negative so the work is negative.

Exercises
41 Figure 2.102 shows a boy taking a dog for a walk. 150N ‘

(a) Calculate the work done by the force shown when the
dog moves 10m forward.
(b) Who is doing the work?

Figure 2.102.

42 A bird weighing 200g sits on a tree branch. How much work does the bird do on the tree?

43 As a box slides along the floor it is slowed down by a constant force due to friction. If this force is
150N and the box slides for 2m, how much work is done against the frictional force?

Graphical method for determining work done

Let us consider a constant force acting in the direction of movement pulling a body a
distance Ax. The graph of force against distance for this example is simply as shown in
Figure 2.103. From the definition of work we know that work done = FAx which in this
case is the area under the graph. From this we can deduce that:

work done = area under force vs distance graph

Work done by a varying force

Stretching a spring is a common example of a varying
force. When you stretch a spring it gets more and
more difficult the longer it gets. Within certain limits
the force needed to stretch the spring is directly
proportional to the extension of the spring. This was
first recognized by Robert Hooke in 1676, so is named
‘Hooke’s Law’. Figure 2.104 shows what happens if
we add different weights to a spring: the more weight
we add the longer it gets. If we draw a graph of force
against distance as we stretch a spring, it will look like
the graph in Figure 2.105. The gradient of this line, Aix is
called the spring constant, k.

Figure 2.104 Stretching a
spring.



The work done as the spring is stretched is found by calculating the area under the
graph.

area = 3 base x height = 3 FAx
So work done = 1 FAx

. F_ _
But if Ax ~ kthen F=kAx
Substituting for F gives

work done = %kAx2

Exercises

44 A spring of spring constant 2N.cm™' and length 6cm is
stretched to a new length of 8cm.

force A
(a) How far has the spring been stretched?
(b) What force will be needed to hold the spring at this BUOSIEEEEEEEES
length? , '
(c) Sketch a graph of force against extension for this 200 ; ;
spring. | :
(d) Calculate the work done in stretching the spring. 100+
(e) The spring is now stretched a further 2cm. Draw a E :
line on your graph to represent this and calculate how ———
much additional work has been done. > ) 10
distance (m)
45 Calculate the work done by the force represented by
Figure 2.106. Figure 2.106.

Energy

We have seen that it is sometimes possible for body A to do work on body B but what
does A have that enables it to do work on B? To answer this question we must define a
new quantity, energy.

Energy is the quantity that enables body A to do work on body B.

If body A collides with body B as shown in Figure 2.107, body A has done work
on body B. This means that body B can now do work on body C. Energy has been
transferred from A to B.

When body A does work on body B, energy is transferred from body A to
body B.

The unit of energy is the joule ().

Energy is a scalar quantity.

Different types of energy

If a body can do work then it has energy. There are two ways that a simple body such
as a red ball can do work. In the example above, body A could do work because it
was moving — this is called kinetic energy. Figure 2.108 shows an example where A can
do work even though it isn’t moving. In this example, body A is able to do work on
body B because of its position above the Earth. If the hand is removed, body A will be
pulled downwards by the force of gravity, and the string attached to it will then drag
B along the table. If a body is able to do work because of its position, we say it has
potential energy.

%
—

0o O

before A hits B

after A hits B

Figure 2.107 The red ball
gives energy to the blue ball.

Figure 2.108.

7



Use of words

If we say a body has
potential energy it sounds
as though it has the
potential to do work. This
is true, but a body that is
moving has the potential
to do work too. This can
lead to misunderstanding.
It would have been better
to call it positional energy.

Other types of PE

In this section we only
deal with examples

of PE due to a body's
position close to the
Earth. However there
are other positions that
will enable a body to do
work (for example, in
an electric field). These
will be introduced after
the concept of fields
has been introduced in
Chapter 6.
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Kinetic energy (KE)

This is the energy a body has due to its movement. To give a body KE, work must be
done on the body. The amount of work done will be equal to the increase in KE. If a
constant force acts on a red ball of mass m as shown in Figure 2.109, then the work
done s Fs.

a v
—_— —_—
F F
time=0 time=t
< s

Figure 2.109.
From Newton'’s second law we know that F = ma which we can substitute in work = Fs
to give work = mas.

We also know that since acceleration is constant we can use the suvat equation

v2=u? + 2as which since u = 0 simplifies to v = 2as.
2
. c . _v _1 5
Rearranging this gives as = 5 so work = 3mv™.

This work has increased the KE of the body so we can deduce that:

1
KE =5 mv?

Gravitational potential energy (PE)
This is the energy a body has due to its position above the Earth.

For a body to have PE it must have at some time been lifted to that position. The
amount of work done in lifting it equals the PE. Taking the example shown in
Figure 2.110, the work done in lifting the mass, m, to a height h is mgh (this assumes
that the body is moving at a constant velocity so the lifting force and weight are

balanced).
If work is done on the body then energy is transferred so:

gain in PE = mgh

The law of conservation of energy

We could not have derived the equations for KE or PE without assuming that the work
done is the same as the gain in energy. The law of conservation of energy is a formal
statement of this fact.

Energy can neither be created nor destroyed — it can only be changed from one
form to another.

This law is one of the most important laws that we use in physics. If it were not true
you could suddenly find yourself at the top of the stairs without having done any work
in climbing them, or a car suddenly has a speed of 200km h™ without anyone touching
the accelerator pedal. These things just don’t happen, so the laws we use to describe the
physical world should reflect that.



Worked example

with a velocity of 2ms™ as shown in Figure 2.110.
Use the law of conservation of energy to calculate its
maximum height.

A ball of mass 200g is thrown vertically upwards O
PE

Figure 2.110 Work is done KE Q T2m5‘1

liting the ball so it gains PE.

Solution

At the start of its motion the body has KE. This enables the body to do work against
gravity as the ball travels upwards. When the ball reaches the top, all the KE has been
converted into PE. So applying the law of conservation of energy:

loss of KE = gain in PE

%mv2=mgh
SO h—g—m—ﬂlm

This is exactly the same answer you would get by calculating the acceleration from
F = ma and using the suvat equations.

Worked example

A block slides down the frictionless ramp shown in
Figure 2.111. Use the law of conservation of energy y T
to find its speed when it gets to the bottom. “— 5m

!

Figure 2.111 As the block slides
down the slope it gains KE.

Solution

This time the body loses PE and gains KE so applying the law of conservation of
energy:
loss of PE = gain of KE

1
mgh =5 my?

So v=2gh=J2x10%5)=10ms™"

Again, this is a much simpler way of getting the answer than using components of
the forces.

Exercise

Use the law of conservation of energy to solve the following:

46 A stone of mass 500g is thrown off the top of a cliff with a speed of 5ms. If the cliff is 50m high,
what is its speed just before it hits the ground?
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Figure 2.113 The forces
acting on a car travelling at
constant velocity.

Mechanics

Exercise
47 Aball of mass 250g is dropped 5m onto a spring as shown in
Figure 2.112.
A
(a) How much KE will the ball have when it hits the spring?
(b) How much work will be done as the spring is
compressed?
(c) If the spring constant is 250kN m™!, calculate how far
the spring will be compressed. 5m

48 A ball of mass 100g is hit vertically upwards with a bat.
The bat exerts a constant force of 15N on the ball and is in
contact with it for a distance of 5cm.

(a) How much work does the bat do on the ball?
(b) How high will the ball go?

49 A child pushes a toy car of mass 200g up a slope. The car IAX
has a speed of 2ms™! at the bottom of the slope.

(a) How high up the slope will the car go?
(b) If the speed of the car were doubled how high would it Figure 2.112 In this example the

g0 now? spring is compressed, not stretched,
but Hooke’s law still applies.

Forms of energy

When we are describing the motion of simple red balls there are only two forms of
energy, KE and PE. However, when we start to look at more complicated systems, we
discover that we can do work using a variety of different machines, such as petrol
engine, electric engine, etc. To do work, these machines must be given energy and this
can come in many forms, for example:

* Petrol * Solar * Gas * Nuclear * Electricity

As you learn more about the nature of matter in Chapter 3, you will discover that all of
these (except solar) are related to either KE or PE of particles.

Energy conversion

Taking the example of a petrol engine, the energy stored in the petrol is converted to
mechanical energy of the car by the engine. 1 litre of petrol contains 36 MJ of energy.
Let’s calculate how far a car could travel at a constant 36 kmh™ on 1 litre of fuel; that’s
pretty slow but 36kmh™ is 10m s so it will make the calculation easier.

The reason a car needs to use energy when travelling at a constant speed is because
of air resistance. If we look at the forces acting on the car we see that there must be a
constant forwards force (provided by the friction between tyres and road) to balance
the air resistance or drag force.

So work is done against the drag force and the energy to do this work comes from the
petrol. The amount of work done = force x distance travelled. So to calculate the work
done we need to know the drag force on a car travelling at 36 kmh™1. One way to do
this would be to drive along a flat road at a constant 36 kmh ™! and then take your foot
off the accelerator pedal. The car would then slow down because of the unbalanced
drag force.



This force will get less as the car slows down but here we will assume it is constant.
From Newton'’s second law we know that F = ma so if we can measure how fast the
car slows down we can calculate the force. This will depend on the make of car but to
reduce the speed by 1ms™ (about 4 km h™") would take about 2s. Now we can do the
calculation:

acceleration of car = v ; 4) = @ —210) =-0.5ms>2

drag force = ma = 1000 x —0.5 = =500 N

So to keep the car moving at a constant velocity this force would need to be balanced
by an equal and opposite force F = 500 N.

work done

Work done = force x distance so the distance travelled by the car =—-"-

Soif all of the energy in 1 litre of fuel is converted to work the car will move a
X 6 .
distance = 365T10 = 72km. Note that if you reduce the drag force on the car you

increase the distance it can travel on 1 litre of fuel.

Efficiency

A very efficient road car driven carefully wouldn't be able to drive much further than
20 km on 1 litre of fuel so energy must be lost somewhere. One place where the energy
is lost is in doing work against the friction that exists between the moving parts of

the engine. Using oil and grease will reduce this but it can never be eliminated. The
efficiency of an engine is defined by the equation

useful work out
total energy in

efficiency =
soif a car travels 20 km at a speed of 10ms™" the useful work done by the engine
= force x distance = 500 x 20000 = 10 MJ.

The total energy put in = 36 MJ so the efficiency = % =0.28.

Efficiency is often expressed as a percentage so this would be 28%.

Where does all the energy go?

In this example we calculated the energy required to move a car along a flat road. The
car was travelling at a constant speed so there was no increase in KE and the road
was flat so there was no increase in PE. We know that energy cannot be created or
destroyed so where has the energy gone? The answer is that it has been given to the
particles that make up the air and car. More about that in Chapter 3.

Exercises

50 A 45% efficient machine lifts 100kg 2 m.
(a) How much work is done by the machine?
(b) How much energy is used by the machine?
51 A 1000kg car accelerates uniformly from rest to 100kmh".
(a) Ignoring air resistance and friction, calculate how much work was done by the cars engine.

(b) If the car is 60% efficient how much energy in the form of fuel was given to the engine?
(c) If the fuel contains 36 MJ per litre, how many litres of fuel were used?

Figure 2.114 The forces
on a car travelling at high
speed with the foot off the
accelerator pedal.

There has been a lot of
research into making cars
more efficient so that
they use less fuel. Is this to
save energy or money?
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10ms™!
—>
10ms™!
>

Figure 2.115 The red ball
gives energy to the blue ball.

Figure 2.116 Collision
between 2 identical balls..

Figure 2.117 A possible
elastic collision.
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Energy and collisions

One of the reasons that we brought up the concept of energy was related to the
collision between two balls as shown in Figure 2.115. We now know that if no energy
is lost when the balls collide, then the KE before the collision = KE after. This enables
us to calculate the velocity afterwards and the only solution in this example is quite

a simple one. The red ball gives all its KE to the blue one, so the red one stops and the
blue one continues, with velocity = 10ms™. If the balls become squashed, then some
work needs to be done to squash them. In this case not all the KE is transferred, and
we can only calculate the outcome if we know how much energy is used in squashing

the balls.

Elastic collisions

An elastic collision is a collision in which both momentum and KE are conserved.

Example: two balls with equal mass

Two balls with equal mass m collide as shown in Figure. 2.116. As you can see, the
red ball is travelling faster than the blue one before and slower after. If the collision
is perfectly elastic then we can show that the velocities of the balls simply swap so
u; =v,and uy =v,.

U u; Vi V2
—_— —> — —_—
before after

If the collision is elastic then momentum and kinetic energy are both conserved. If we
consider these one at a time we get:

Conservation of momentum:

momentum before = momentum after
mu, +mu,=my, + my,

Conservation of KE:

KE before = KE after

%mul2 + %muz2 = %mvl2 + %mvzz
U2+ u,2 =y, 2+ 9,2
So we can see that the velocities are such that both their sums are equal and the squares
of their sums are equal. This is only true if the velocities swap, as in Figure 2.117.

5ms 4ms™! 4ms™! 5ms
— —_— —_— —

before after



Collision in 2D between 2 identical balls

Anyone who has ever played pool or snooker will know that balls don’t always collide
in line, they travel at angles to each other. Figure 2.118 shows a possible collision.

You will not be tested on
this in the exam.
u
Q Q 2]

before

v
=

after Figure 2.118 A 2D collision.

In this case the blue ball is initially at rest so applying the conservation laws we get
slightly simpler equations:

U=V, +,
2] v,
B2=72472
Note the vector notation to remind us that we are dealing with vectors. The first 4 >
equation means that the sum of the velocity vectors after the collision gives the
velocity before. This can be represented by the triangle of vectors in Figure 2.119. Figure 2.119 Adding the

velocity vectors.
The second equation tells us that the sum of the squares of two sides of this

triangle = the square of the other side. This is Pythagoras’ theorem which is only true e s ey el

for right-angled triangles. So, after an elastic collision between two identical balls like perfectly elastic

the two balls will always travel away at right angles (unless the collision is perfectly isolated spheres but if
head on). This of course doesn’t apply to balls rolling on a pool table since they are the t_ab|e is included their
not isolated motion can be accurately

modelled enabling
scientists to calculate the

Inelastic collisions correct direction and

speed for the perfect
There are many outcomes of an inelastic collision but here we will only consider the shot. Taking that shot is
case when the two bodies stick together. We call this totally inelastic collision. another matter entirely.
Example

When considering the conservation of momentum in collisions, we used the example
shown in Figure 2.120. How much work was done to squash the balls in this example?

Tms™!

6ms™!

Figure 2.120.
before after

According to the law of conservation of energy, the work done squashing the balls is
equal to the loss in KE.

KE loss = KE before — KE after =+ x 0.1 x 62— x 0.6 x 12
KEloss=1.8-0.3=15]
So work done =1.5]
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Figure 2.121.

Sharing of energy

The result of this
example is very
important; we will use
it when dealing with
nuclear decay later on.
So remember, when a
body explodes into two
unequal bits, the small
bit gets most energy.

CHALLENGE
YOURSELF

2 A200g red ball travelling at
6ms' collides with a 500g
blue ball at rest, such that
after the collision the red
ball travels at 4 ms™' atan
angle of 45° to its original
direction. Calculate the
speed of the blue ball.

Power and velocity
If power = work done

- time
then we can also write
p= FAs

At

which is the same as
P=Fv

where v is the velocity.
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Explosions

Explosions can never be elastic since, without doing work, the parts that fly off after the
explosion would not have any KE and would therefore not be moving. The energy to
initiate an explosion often comes from the chemical energy contained in the explosive.

Example

Again consider a previous example where a ball exploded (shown again in
Figure 2.121). How much energy was supplied to the balls by the explosive?

25ms™! 5ms‘1\

N

before after

According to the law of conservation of energy, the energy from the explosive equals
the gain in KE of the balls.
KE gain = KE after — KE before

KE gain = (3 x 0.02 x 252+ 2 x 0.1 x 5) 0= 6.25+ 1.25=7.5]

Exercises

52 Two balls are held together by a spring as shown in Figure 2.122.
The spring has a spring constant of TONcm™" and has been
compressed a distance 5cm.

Figure 2.122.

(a) How much work was done to compress the spring?
(b) How much KE will each gain?
(c) If each ball has a mass of 10g calculate the velocity of each ball.

53 Two pieces of modelling clay as shown in Figure 2.123 collide 10ms™ 15ms™
and stick together.

Figure 2.123. Q Q
(a) Calculate the velocity of the lump after the collision.

(b) How much KE is lost during the collision?

54 A red ball travelling at 10ms™ to the right collides with a blue ball with the same mass travelling at
15ms™' to the left. If the collision is elastic, what are the velocities of the balls after the collision?

Power

We know that to do work requires energy, but work can be done quickly or it can be
done slowly. This does not alter the energy exchanged but the situations are certainly
different. For example we know that to lift one thousand 1kg bags of sugar from the
floor to the table is not an impossible task — we can simply lift them one by one. It will
take a long time but we would manage it in the end. However, if we were asked to do
the same task in 5 seconds, we would either have to lift all 1000kg at the same time

or move each bag in 0.005 s, both of which are impossible. Power is the quantity that
distinguishes between these two tasks.



Power is defined as:

power = work done per unit time.
Unit of power is the Js™ which is the same as the watt (W).

Power is a scalar quantity.

Example 1: The powerful car

We often use the term power to describe cars. A powerful car is one that can accelerate
from 0 to 100kmh™ in a very short time. When a car accelerates, energy is being
converted from the chemical energy in the fuel to KE. To have a big acceleration the car
must gain KE in a short time, hence be powerful.

Example 2: Power lifter

A power lifter is someone who can lift heavy weights, so shouldn’t we say they are strong
people rather than powerful? A power lifter certainly is a strong person (if they are good
at it) but they are also powerful. This is because they can lift a big weight in a short time.

Worked example

A car of mass 1000kg accelerates from rest to 100kmh™ in 5 seconds. What is the
average power of the car?

Solution

100kmh™ =28 ms™.
The gain in KE of the car = zmy2 = x 1000 x 282 = 392k]

If the car does this in 5s then

work done _ 392
time = 5

Exercises

55 A weightlifter lifts 200 kg 2 m above the ground in 5s. Calculate the power of the weightlifter in watts.

power = =784kW

56 In 255 a trolley of mass 50kg runs down a hill. If the difference in height between the top and the
bottom of the hill is 50 m, how much power will have been dissipated?

57 A car moves along a road at a constant velocity of 20 ms™. If the resistance force acting against the car
is TOOON, what is the power developed by the engine?

Efficiency and power

We have define efficiency by the equation:
useful work out

efficiency = —_ 7~

If the work out is done at the same time as the work in then we can also write:

useful power out

efficiency ==t power in

Exercises

58 A motor is used to lift a 10kg mass 2m above the ground in 4s. If the power input to the motor is
100W, what is the efficiency of the motor?

59 A motor is 70% efficient. If 60k of energy is put into the engine, how much work is got out?
60 The drag force that resists the motion of a car travelling at 80 km h=" is 300 N.

(a) What power is required to keep the car travelling at that speed?
(b) If the efficiency of the engine is 60%, what is the power of the engine?

Horsepower
Horsepower is often used
as the unit for power
when talking about cars
and boats.

746 W = Thp

So in Worked example

1, the power of the caris
105hp.
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Practice questions

1. This question is about linear motion.
A police car P is stationary by the side of a road. A car S, exceeding the speed limit, passes the
police car P at a constant speed of 18 ms™". The police car P sets off to catch car S just as car S
passes the police car P. Car P accelerates at 4.5m s for a time of 6.0s and then continues at
constant speed. Car P takes a time t seconds to draw level with car S.

(@) (i) State an expression, in terms of ¢, for the distance car S travels in ¢ seconds. (1)

(i) Calculate the distance travelled by the police car P during the first 6.0 seconds
of its motion. (1)

(iiii) Calculate the speed of the police car P after it has completed its acceleration. (1)

(iv) State an expression, in terms of ¢, for the distance travelled by the police car P
during the time that it is travelling at constant speed. (1)

(b) Using your answers to (a), determine the total time ¢ taken for the police car P to draw
level with car S. (2)
(Total 6 marks)
2. This question is about the kinematics of an elevator (lift).
(@) Explain the difference between the gravitational mass and the inertial mass of an object. (3)
An elevator (lift) starts from rest on the ground floor and comes to rest at a higher floor. Its

motion is controlled by an electric motor. Figure 2.124 is a simplified graph of the variation
of the elevator’s velocity with time.

A
0.80 1
0.70
0.60
0.50 1
veIoc_iEy 0.404
/ms
0.30
0.20
0.10
0'00 T T T T T T T T T T T T b
00 10 20 30 40 50 60 70 80 9.0 100 11.0 120
time/s
Figure 2.124.
(b) The mass of the elevator is 250 kg. Use this information to calculate:
(i) the acceleration of the elevator during the first 0.50s. (2)
(ii) the total distance travelled by the elevator. (2)
(i) the minimum work required to raise the elevator to the higher floor. (2)
(iv) the minimum average power required to raise the elevator to the higher floor. (2)
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(v) the efficiency of the electric motor that lifts the elevator, given that the input power to
the motor is 5.0 kW. (2)

(c) Copy Figure 2.125 and, on the graph axes, sketch a realistic variation of velocity for the
elevator. Explain your reasoning. (The simplified version is shown as a dotted line.)

A
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1
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0

Figure 2.125.

)
The elevator is supported by a cable. Figure 2.126 is a free body force :
diagram for when the elevator is moving upwards during the first 0.505s. fengion
v
weight
Figure 2.126.
(d) Copy Figures 2.127 and 2.128 and in the space below each box, draw free body force
diagrams for the elevator during the following time intervals.
(i) 0.5t 11.50s (i) 11.50 to 12.00
Figure 2.127. Figure 2.128. (3)

A person is standing on weighing scales in the elevator. Before the elevator rises, the reading on
the scales is .

(e) Copy Figure 2.129 and on the axes, sketch a graph to show how the reading on the scales
varies during the whole 12.00s upward journey of the elevator. (Note that this is a sketch
graph — you do not need to add any values.)
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A
W A e T e e D e
reading on
scales
0.00 T T T T T T T T T T T —>
00 10 20 30 40 50 60 70 80 90 100 110 120
time/s
Figure 2.129.
(3)
(f) The elevator now returns to the ground floor where it comes to rest. Describe and explain
the energy changes that take place during the whole up-and-down journey. (4)
(Total 25 marks)
3. This question is about throwing a stone from a cliff. T v=80ms
Antonia stands at the edge of a vertical cliff and
throws a stone vertically upwards.
The stone leaves Antonia’s hand with a speed
v=280ms".
The acceleration of free fall g is 10m s~ and all
distance measurements are taken from the point
where the stone leaves Antonia’s hand.
sea
Figure 2.130.
(a) Ignoring air resistance calculate:
(i) the maximum height reached by the stone. (2)
(ii) the time taken by the stone to reach its maximum height. (1)
The time between the stone leaving Antonia’s hand and hitting the sea is 3.0s.
(b) Determine the height of the cliff. (3)
(Total 6 marks)
4. This question is about conservation of momentum and conservation of energy.
(a) State Newton's third law. (1)
(b) State the law of conservation of momentum. (2)
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Figure 2.131 shows two identical balls A and B on
a horizontal surface. Ball B is at rest and ball A is v

moving with speed V along a line joining the centres
of the balls. The mass of each ball is M. @

before collision

Figure 2.131.

During the collision of the balls, the magnitude of the force that ball A exerts on ball B is F, and

the magnitude of the force that ball B exerts on ball A is Fg,.
during the collision

(c) Copy Figure 2.132 and on the diagram, add
labelled arrows to represent the magnitude and
direction of the forces Fg and Fga. 0 a
Figure 2.132.

The balls are in contact for a time At. After the aftervthe collision y
A B

collision, the speed of ball A is + v, and the speed > >

of ball B is + v in the directions shown in Figure a
2.133.

Figure 2.133.

As a result of the collision, there is a change in momentum of ball A and of ball B.

(d) Use Newton's second law of motion to deduce an expression relating the forces acting
during the collision to the change in momentum of

(i) ball B. 2)
(ii) ball A. 2)

(e) Apply Newton's third law and your answers to (d), to deduce that the change in momentum
of the system (ball A and ball B) as a result of this collision, is zero. (4)

(f) Deduce, that if kinetic energy is conserved in the collision, then after the collision ball A will

come to rest and ball B will move with speed V. (3)
. This question is about the collision between two railway trucks (carts).

(a) Define linear momentum. s (1)

. . . . i B
In Flg.ure 2.134, railway .truckA. is movn?g along BB B =
a horizontal track. It collides with a stationary y N VR
truck B and on collision, the two join together. immediately before collision
Immediately before the collision, truck A is moving Vs
with speed 5.0ms". Immediately after collision,

: r.w.‘m..
the speed of the trucks is v. B\
Figure 2.134. immediately after collision

The mass of truck A is 800kg and the mass of truck B is 1200kg.

(b) (i) Calculate the speed v immediately after the collision. (3)

(ii) Calculate the total kinetic energy lost during the collision. (2)

(c) Suggest what has happened to the lost kinetic energy. (2)
(Total 8 marks)
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6. This question is about estimating the energy changes for an escalator (moving staircase).
Figure 2.135 represents an B
escalator. People step on to
it at point A and step off at
point B.

30m

40°

Figure 2.135. A

| (a) The escalator is 30m long and makes an angle of 40° with the horizontal. At full capacity, 48
people step on at point A and step off at point B every minute.

(i) Calculate the potential energy gained by a person of weight 700N in moving

w from A to B. ()
(i) Estimate the energy supplied by the escalator motor to the people every minute

when the escalator is working at full capacity. (1)

(iiii) State one assumption that you have made to obtain your answer to (ii). (1)

The escalator is driven by an electric motor that has an efficiency of 70%.
‘ (b) (i) Using your answer to (a)(ii), calculate the minimum input power required by the
motor to drive the escalator. (3)

‘ (ii) Explain why it is not necessary to take into account the weight of the escalator when
calculating the input power. (1)

(c) Explain why in practice, the power of the motor will need to be greater than that calculated

in (b)(i)- (1
\ (Total 9 marks)
7. This question is about collisions.

(@) State the principle of conservation of momentum. (2)

(b) In an experiment, an air-rifle pellet is fired into a block of modelling clay that rests on a table.

dayblock T TTTTTA
path of air-rifle pellet Y
—

< 2.8m >

‘ Figure 2.136. (not to scale)
The air-rifle pellet remains inside the clay block after the impact.

As a result of the collision, the clay block slides along the table in a straight line and comes
‘ to rest. Further data relating to the experiment are given below.

‘ Mass of air-rifle pellet = 2.0g
Mass of clay block = 569
Velocity of impact of air-rifle pellet = 140ms-!
Stopping distance of clay block = 2.8m

(i) Show that the initial speed of the clay block after the air-rifle pellet strikes it is 4.8 ms™".
()
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(i) Calculate the average frictional force that the surface of the table exerts on the clay
block whilst the clay block is moving. (4)

(c) The experiment is repeated with the clay block placed at the edge of the table so that it is
fired away from the table. The initial speed of the clay block is 4.3 m s~" horizontally. The
table surface is 0.85 m above the ground.

table clay block

\ —

\; -——=a

0.85m AN

ground \

Figure 2.137.
(not to scale)

(i) Ignoring air resistance, calculate the horizontal distance travelled by the clay block
before it strikes the ground. (4)

(ii) Figure 2.137 shows the path of the clay block neglecting air resistance. Copy the
diagram, and on it, draw the approximate shape of the path that the clay block will take
assuming that air resistance acts on the clay block. (3)

(Total 15 marks)
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Essential ideaS When a gas is heated it

expands making it less dense

Thermal concepts than the surrounding air. If the
Thermal physics deftly demonstrates the links between the balloon is large enough the
macroscopic measurements essential to many scientific models buoyant force it experiences

. . . , ) will be sufficient to lift several
with the microscopic properties that underlie these models. people.

Modelling a gas
The properties of ideal gases allow scientists to make
predictions of the behaviour of real gases.

m Thermal energy transfer
NATURE OF SCIENCE

So far we have dealt with the motion of particles and, given their initial conditions, can
predict their speed and position at any time. Once we realize that all matter is made
up of particles we can use this knowledge to build a model of the way those particles
interact with each other. So, even though we can't see these particles we can make
predictions related to them.

Thermal concepts

3.1 Thermal concepts

Understandings, applications, and skills:

Mole, molar mass, and the Avogadro constant
Internal energy
® Describing temperature change in terms of internal energy.

Guidance
e |nternal energy is taken to be the total intermolecular potential energy + the total random kinetic
energy of the molecules.
Temperature and absolute temperature
@ Using kelvin and Celsius temperature scales, and converting between them.
Specific heat capacity
® Applying the calorimetric techniques of specific heat capacity or specific latent heat experimentally.
Guidance
@ The effects of cooling should be understood qualitatively but cooling correction calculations are not
required.
Phase change
® Describing phase change in terms of molecular behaviour. Sketching and interpreting phase
change graphs.
Guidance
® Phase change graphs may have axes of temperature versus time or temperature versus energy.
Specific latent heat
o Calculating energy changes involving specific heat capacity and specific latent heat of fusion and
vaporization.
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8.2 Thermal energy transfer
Understandings, applications, and skills:

Conduction, convection, and thermal radiation
@ Discussion of conduction and convection will be qualitative only

Guidance
e Discussion of conduction is limited to intermolecular and electron collisions.
e Discussion of convection is limited to simple gas or liquid transfer via density difference.

The role of the physicist is to observe our physical surroundings, take measurements and
think of ways to explain what we see. Up to this point in the course we have been dealing
with the motion of bodies. We can describe bodies in terms of their mass and volume,
and if we know their speed and the forces that act on them, we can calculate where they
will be at any given time. We even know what happens if two bodies hit each other.
However, this is not enough to describe all the differences between objects. For example,
by simply holding different objects, we can feel that some are hot and some are cold.

In this chapter we will develop a model to explain these differences, but first of all we
need to know what is inside matter.

The particle model of matter

Ancient Greek philosophers spent a lot of time thinking about what would happen if
they took a piece of cheese and kept cutting it in half.

Figure 3.1 Can we keep @ @
cutting the cheese for ever? @ @ o
They didn't think it was possible to keep halving it for ever, so they suggested that there
must exist a smallest part — this they called the atom.

Atoms are too small to see (about 1071°m in diameter) but we can think of them as
very small perfectly elastic balls. This means that when they collide, both momentum
and kinetic energy are conserved.

Elements and compounds

We might ask: ‘If everything is made of atoms, why isn't everything the same? The

@ hydrogen atom
answer is that there are many different types of atom.
Q gold atom There are 117 different types of atom, and a material made of just one type of atom is
called an element. There are, however, many more than 117 different types of material.
Figure 3.2 Gold is made of The other types of matter are made of atoms that have joined together to form
gold atoms and hydrogen is molecules. Materials made from molecules that contain more than one type of atom

made of hydrogen atoms. are called compoun ds.

How do we know atoms have different masses?

The answer to that question is thanks originally to the chemists, John Dalton in
particular. Chemists make compounds from elements by mixing them in very precise
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proportions. This is quite complicated but we can consider a simplified version as
shown in Figure 3.3. An atom of A joins with an atom of B to form molecule AB.

@ o @

We first try by mixing the same masses of A and B but find that when the reaction
has finished there is some B left over; we must have had too many atoms of B. If we
reduce the amount of B until all the A reacts with all the B to form AB we know that
there must have been the same number of atoms of A as there were of B as shown in
Figure 3.4. We can therefore conclude that the mass of an A atom is larger than an
atom of B. In fact the ratio of

mass of atom A _ total mass A
mass of atom B ~ total mass B *

Y Qe @ o @
@923 @@
@@@°® @@

equal masses of A and B

equal number of atoms of A and B

By finding out the ratio of masses in many different reactions the atomic mass of the
elements relative to each other was measured. Originally everything was compared

to oxygen since it reacts with so many other atoms. Later, when physicists started to
measure the mass of individual atoms the standard atom was changed to carbon-12.

This is taken to have an atomic mass of exactly 12 unified mass units (u), the size of 1u

is therefore equal to 11—2 of the mass of a carbon-12 atom, which is approximately the
mass of the smallest atom, hydrogen.

Avogadro’s hypothesis

The simplified version of chemistry given here does not give the full picture: for one
thing, atoms don’t always join in pairs. Maybe one A joins with two Bs. Without
knowing the ratio of how many atoms of B join with one atom of A we can’t calculate
the relative masses of the individual atoms. Amedeo Avogadro solved this problem by
suggesting that equal volumes of all gases at the same temperature and pressure will
contain the same number of molecules. So if one atom of A and one atom of B join to
give one molecule AB then the
number of molecules of AB is
equal to the number of atoms Q Q ®
of A or B and the volume of | ®

AB= %(A + B); but if one atom @
of A joins with two atoms of

Figure 3.3 Atoms join to
make a molecule.

This is a good example

of how models are used
in physics. Here we are
modelling something that
we can't see, the atom,
using a familiar object, a
perfectly elastic ball.

Figure 3.4 To combine
completely there must be
equal numbers of atoms.

The volume of T mole
of any gas at normal
atmospheric pressure
(101.3kPa) and a
temperature of 0°Cis
224 litres (L).

Figure 3.5 Equal volumes
of gases contain the same
number of molecules.

% ®
@

B then the volume of B atoms ®
is twice the volume of the Q 0 ®
A atoms, and the volume of + ®

AB, = the volume of A. This is Q ®
illustrated in Figure 3.5.

®
- |a@ @
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A rough calculation of
how big a grain of sand is
compared to volume of
sand reveals that there are
approximately 6 x 102
(Avogadro's constant)
grains of sand in the
Sahara desert.

Moles of different compounds
have different masses.

Be careful with the
units. Do all calculations
using m?.
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The mole and Avogadro’s constant

It can be shown that 12g of carbon-12 contains 6.02 x 10* atoms. This amount of
material is called a mole; this number of atoms is called Avogadro’s constant (N,)
(named after him but not calculated by him). If we take 6.02 x 102 molecules of a
substance that has molecules that are four times the mass of carbon-12 atoms it would
have relative molecular mass of 48. 6.02 x 10?*> molecules of this substance would

ml 0
5%

therefore have a mass four times the mass of the same number of carbon-12 atoms,
48g. So, to calculate the mass of a mole of any substance we simply express its relative
molecular mass in grams. This gives us a convenient way of measuring the amount of
substance in terms of the number of molecules rather than its mass.

Worked example

If a mole of carbon has a mass of 12 g, how many atoms of carbon are there in 2 g?

Solution

One mole contains 6.022 x 103 atoms.

2g is + of a mole so contains ¢ x 6.022 x 102 atoms = 1.004 x 102> atoms

Worked example

The density of iron is 7874kg m™ and the mass of a mole of iron is 55.85g. What is
the volume of 1 mole of iron?

Solution
density = RS
volume
mass
volume = 7 sity
0.05585

volume of I mole = ng

=7.093 x 10°°m?
=7.093cm’



Exercises

1 The mass of 1 mole of copper is 63.54 g and its density 8920kgm™

(a) What is the volume of one mole of copper?
(b) How many atoms does one mole of copper contain?
(c) How much volume does one atom of copper occupy?

2 Ifthe density of aluminium is 2700 kgm= and the volume of 1 mole is 10cm? what is the mass of one
mole of aluminium?

The three states of matter
Solid

A solid has a fixed shape and volume so the molecules must have a fixed position.

This means that if we try to pull the molecules apart there will be a force pulling them
back together. This force is called the intermolecular force. This force is due to a property
of the molecules called charge which will be dealt with properly in Chapter 6. This force
doesn’t only hold the particles together but also stops the particles getting too close.

It is this force that is responsible for the tension in a string: as the molecules are pulled
apart they pull back, and the normal reaction — when the surfaces are pushed together
the molecules push back.

attractive forces repulsive forces
between molecules o—> 4—0 <—oo—> between molecules
pulled apart pushed together
Molecules of a solid are not free to move about but they can vibrate.

Liquid

A liquid does not have a fixed shape but does

have a fixed volume so the molecules are able to d @ 4’o Q
move about but still have an intermolecular force p Q b
between then. This force is quite large when you b@

try to push the molecules together (a liquid is very 6 koq
difficult to compress) but not so strong when Q

pulling molecules apart (if you throw a bucket of Q d 6 4—0 b

water in the air it doesn’t stay together).

When a liquid is put into a container it presses o)'o/r d Q:b 9
against the sides of the container. This is because Y\o
of the intermolecular forces between the liquid Q 9 d Q

and the container. At the bottom of the container

the molecules are forced together by the weight

of liquid above. This results in a bigger force per Figure 3.8 Molecules in a liquid.
unit area on the sides of the container; this can

be demonstrated by drilling holes in the side of the container and watching the water
squirt out as shown in Figure 3.9. The pressure under a solid block also depends on the

height of the block but this pressure only acts downwards on the ground not outwards
or upwards as it does in a fluid.

So the force per unit area, or pressure, increases with depth. If you have ever been diving
you may have felt this as the water pushed against your ears. The increase in pressure
with depth is also the reason why submerged objects experience a buoyant force.

©0000
©0000
©0000
©00000
©00000
©00000

Q00

Figure 3.6 Molecules in a
solid.

Figure 3.7 Intermolecular
force.

The molecules of a liquid
are often drawn further
apart than molecules of a
solid but this isn't always
the case; water is an
example of the opposite.
When ice turns to water
it contracts which is why
water is more dense
than ice and ice floats on
water.

Figure 3.9 Higher pressure at
the bottom of the container
forces the water out further.
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Figure 3.10 The force at
the bottom is greater than
at the top resulting in a
buoyant force.
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Figure 3.12 The density of
air molecules is greater at the
bottom of the atmosphere.

Figure 3.13 Smoke particles
jiggle about.
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If you consider the submerged cube shown in Figure 3.10, the bottom surface is deeper
than the top so experiences a greater force, resulting in a resultant upward force. Note
that this is only the case if the water is in a gravitational field e.g. on the Earth, as it
relies on the weight of the water pushing down on the water below.

Gas

A gas does not have fixed shape or volume, it
simply fills whatever container it is put into. The
molecules of a gas are completely free to move
about without any forces between the molecules
except when they are colliding.

Since the molecules of a gas are moving they
collide with the wall of the container. The
change in momentum experienced by the gas
molecules means that they must be subjected to
an unbalanced force resulting in an equal and
opposite force on the container. This results in
gas pressure. If the gas is on the Earth then the
effect of gravity will cause the gas nearest the
ground to be compressed by the gas above. This
increases the density of the gas so there are more
collisions between the gas molecules and the container, resulting in a higher pressure.
The difference between the pressure at the top of an object and the pressure at the
bottom results in a buoyant force is illustrated in Figure 3.12.

o
—O

é“og)

o O

A car moving through air will collide with the air molecules. As the car hits the air
molecules it increases their momentum so they must experience a force. The car
experiences an equal and opposite force which we call air resistance or drag.

Brownian motion

The explanation of the states of matter supports the theory that matter is made of
particles but it isn’t completely convincing. More solid evidence was found by Robert
Brown when, in 1827, he was observing a drop of water containing pollen grains
under a microscope. He noticed that the pollen grains had an unusual movement.

The particles moved around in an erratic zigzag pattern similar to Figure 3.13. The
explanation for this is that they are being hit by the invisible molecules of water that
surround the particles. The reason we don'’t see this random motion in larger objects is
because they are being bombarded from all sides so the effect cancels out.



Internal energy

In Chapter 2 we considered a car moving along the road at constant velocity.

constant velocity
Figure 3.14 Forces on a car

moving with constant velocity.
drag force

motor force

The force of the motor is applied via the friction between the tyres and the road. In

this example we calculated the energy transferred from the petrol to the car so the
motor is doing work but since the car is not getting any faster or going up a hill it is not
gaining any kinetic or potential energy. If we consider the air to be made up of particles
we can answer the question of what is happening to the energy and thus gain a better
understanding of drag force.

As the car moves through the air it collides with the molecules of air as in Figure
3.15. When a collision is made the car exerts a force on the molecules so according to
Newton'’s third law the car must experience an equal and opposite force. This is the
drag force.

As the car moves forward hitting the air molecules it gives them kinetic energy; this is
where all the energy is going. We call this internal energy, and since gas molecules have

no forces between them this energy is all KE.

Another example we could consider is a block sliding down a slope at a constant speed
as in Figure 3.16. As it slides down the slope it is losing PE but where is the energy
going? This time it is the friction between the block and the slope that provides the
answer. As the surfaces rub against each other energy is transferred to the molecules
of the block and slope; the rougher the surfaces the more the molecules get bumped
about. The effect of all this bumping is to increase the KE of the molecules, but solid
molecules can’t fly about; they can only vibrate and as they do this they move apart.
This moving apart requires energy because the molecules have a force holding them
together; the result is an increase in both kinetic and potential energy.

Figure 3.15 The front of the
car collides with air molecules.

Figure 3.16 A block slides
down a slope at constant
speed.
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Worked example

A 4kg block slides down the slope at a constant speed of 1 ms™ as in Figure 3.17.
What is the work done against friction?

Solution

1

The loss of PE =mgh = 4 x 10 x 3 =120]. %
This energy has not been converted to
KE since the speed of the block has not
increased. The energy has been given to A
the internal energy of the slope and block.
The work done against friction (friction
force x distance travelled in direction of the B
force) is therefore 120]. The block is losing
energy so this should be negative.

Friction x 5 =-120]
So friction = -24N

Figure 3.17 A block slides down a slope.

Worked example

A car of mass 1000kg is travelling at 30ms™". If the brakes are applied, how much
heat energy is transferred to the brakes?

Solution

When the car is moving it has kinetic energy. This must be transferred to the brakes
when the car stops.

KE = %mv2

=2 %1000 x 302
=450k]

So thermal energy transferred to the brakes = 450kJ

When a car slows down using its brakes, KE will be converted to internal energy in the
brake pads and discs.

This thermogram of a car
shows how the wheels have
become hot owing to friction
between the road and the
tyres, and the brakes pads
and discs.
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Exercises

3 Ablock of metal, mass 10kg, is dropped from a
height of 40 m.

(a) How much energy does the block have before it
is dropped? A

(b) How much heat energy do the block and floor
gain when it hits the floor?

4 [fthe car in the second Worked example on page
100 was travelling at 60ms', how much heat energy
would the brakes receive?

5 A75kg free fall parachutist falls at a constant speed of
50ms". Calculate the amount of energy given to the
surroundings per second.

6 Ablock, starting at rest, slides down the slope as
shown in Figure 3.18. Calculate the amount of work
done against friction and the size of the friction force.

Figure 3.18.

Internal energy and the three states of matter

Internal energy is the sum of the energy of the molecules of a body. In solids and
liquids there are forces between the molecules so to move them around requires work
to be done (like stretching a spring). The total internal energy of solids and liquids is
therefore made up of kinetic + potential energy. There is no force between molecules
of a gas so changing their position does not require work to be done. The total internal
energy of a gas is therefore only kinetic energy.

Temperature (T)

If we rub our hands together we are doing work since there is movement in the
direction of the applied force. If work is done then energy must be transferred but we
are not increasing the kinetic or potential energy of our hands; we are increasing their
internal energy. As we do this we notice that our hands get hot. This is a sensation that
we perceive through our senses and it seems from this simple experiment to be related
to energy. The harder we rub the hotter our hands become. Before we can go further
we need to define a quantity we can use to measure how hot or cold a body is.

Temperature is a measure of how hot or cold a body is.

When we defined a scale for length we simply took a known length and compared

other lengths to it. With temperature it is not so easy. First we must find some directly
measurable physical quantity that varies with temperature. One possibility is the length
of a metal rod. As the internal energy of a solid temperature increases, the molecules
move faster causing them to move apart. The problem is that the length doesn’t change
very much so it isn’t easy to measure. A better alternative is to use the change in volume
of aliquid. This also isn’t very much but if the liquid is placed into a container with a thin
tube attached as in Figure 3.19 then the change can be quite noticeable.

To define a scale we need two fixed points. In measuring length we use the two

ends of a ruler; in this case we will measure the length of the liquid at two known
temperatures, the boiling and freezing points of pure water. But how do we know
that these events always take place at the same temperatures before we have made our
thermometer? What we can do is place a tube of liquid in many containers of freezing
and boiling water to see if the liquid always has the same lengths. If it does, then we
can deduce that the freezing and boiling temperatures of water are always the same.

We perceive how hot
or cold something is
with our senses but to
quantify this we need a
measurement.

small change in
volume causes big
change in length

Figure 3.19 A simple
thermometer.

101



€

Itis important to

use pure water at
normal atmospheric
pressure. Otherwise the
temperatures will not be
quite right.

Figure 3.20 Calibrating a
thermometer.

The lowest temperature
is -273.15°C, but for
conversion purposes
we usually find it more
convenient to use
-273°C.

D

Not all countries use the
same units of temperature
when describing the
weather but the agreed-
upon Sl unit is the kelvin.

Figure 3.21 Pressure vs
temperature in Celsius and
kelvin.
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Having defined our fixed points we can make the scale by marking the tube at the
highest and lowest points and dividing the range into 100 equal units.

L100

Ll Jic )
melting ice

boiling water

unknown temperature

So if we place the thermometer into water at an unknown temperature resulting in
length Ly, then the temperature can be found from:

L-[‘_LO

T= x 100

LlOO_ 0
This is how the Celsius scale is defined.

Temperature and KE

The reason that a liquid expands when it gets hot is because its molecules vibrate more
and move apart. Higher temperature implies faster molecules so the temperature is
directly related to the KE of the molecules. However, since the KE of the particles is not
zero when ice freezes the KE is not directly proportional to the temperature in °C. The
lowest possible temperature is the point at which the KE of molecules becomes zero.
This happens at =273°C.

Kelvin scale

An alternative way to define a temperature scale would be to use the pressure of a
constant volume of gas. As temperature increases, the KE of the molecules increases
so they move faster. The faster moving molecules hit the walls of the container harder
and more often, resulting in an increased pressure. As the temperature gets lower
and lower the molecules slow down until at some point they stop moving completely.
This is the lowest temperature possible or absolute zero. If we use this as the zero in
our temperature scale then the KE is directly proportional to temperature. In defining
this scale we then only need
one fixed point, the other

is absolute zero. This point
could be the freezing point
of water but the triple point
is more precisely defined.
This is the temperature

at which water can be

T
-273°C 0°C

gradient in each graph is the same so size of unit is equal

T°C 0K 273K TIK  solid, liquid, and gas in

equilibrium which in Celsius



is 0.01°C. If we make this 273.16 in our new scale then a change of 1 unit will be the
same as 1°C. This scale is called the kelvin scale.

Because the size of the unit is the same, to convert from Celsius to kelvin we simply
add 273. So

10°C=283K

50°C=323K

A change from 10°C to 50°C is 50 - 10 = 40°C.
A change from 283K to 323K is 323 - 282 = 40K, so A°C = AK.

Temperature and molecular speed - "
IS Is the average
Now we have a temperature scale that o A @ oF ihe meleaules. The
begins at absolute zero we can say E J different molecules of
that, for an ideal gas, the average KE of 3 a gas travel at different
1 . £ U velocities, some faster
the molecules is directly proportional b ard some slower. The
to its temperature in kelvin. The g range of velocities can
constant of proportionality is %kT E be represented by the
where k is the Boltzmann constant, S velocity distribution
1.38 x 10~2 mzkg 2K ; curve in Figure 3.22.
) ’ o Because the curve is not
[ 8
Figure 3.22 shows the distribution = symmetric, the mean
of molecular velocities for different \Clzl:tere's i
temperatures — the blue line describes '
molecular speed distribution of molecules : >
in the air at about 0°C, and the red one is at 0 450 Figure 3.22 Molecular
about 100°C molecular speed/ms™ velocity distribution for a gas.

Exercises

7 The length of a column of liquid is 30cm at 100°C and 10cm at 0°C. At what temperature will its
length be 12cm?

8 The average molar mass of air is 29 gmol™". Calculate:

(a) the average KE of air molecules at 20°C.
(c) the average mass of one molecule of air.
(b) the average speed of air molecules at 20°C.

Heat

We know that the temperature of a body is related to the average KE of its molecules
and that the KE of the molecules can be increased by doing work, for example against
friction, but the internal energy of a body can also be increased by putting it in contact
with a hotter body. Energy transferred in this way is called heat.

Figure 3.23 Heat travels
0°C 0°C 50°C 50°C from hot to cold until thermal
equilibrium is established.
no heat flow since not heat flow from no heat flow since
in thermal contact hot to cold thermal equilibrium
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Figure 3.24 Energy passed
from fast molecules to slow.

Figure 3.25 Electrons pass
energy freely.

bouyant force = weight of
air displaced
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weight of hot air

Figure 3.26 Hot air expands.

Although the first ever
engine was probably a
steam turbine, cylinders
of expanding gas are the
basis of most engines.
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When bodies are in thermal contact heat will always flow from a high to a low
temperature until the bodies are at the same temperature. Then we say they are in
thermal equilibrium.

Heat transfer

There are three ways that heat can be transferred from one body to another; these are
called conduction, convection, and radiation.

Conduction

Conduction takes place when bodies are in contact with each other. The vibrating
molecules of one body collide with the molecules of the other. The fast-moving hot
molecules lose energy and the slow-moving cold ones gain it.

Metals are particularly good conductors of heat because not only are their atoms well
connected but metals contain some free particles (electrons) that are able to move
freely about, helping to pass on the energy.

0.000 QOO0 OCOO0CO
000 .0.0 0 0 0,000,

Gases are not very good conductors of heat because their molecules are far apart.
However, heat is often transferred to a gas by conduction. This is how heat would pass
from a room heater into the air of a room, for example.

Convection

This is the way that heat is transferred through fluids by fast-moving molecules moving
from one place to another. When heat is given to air the molecules move around faster.
This causes an increase in pressure in the hot air which enables it to expand, pushing
aside the colder surrounding air. The hot air has now displaced more than its own
weight of surrounding air so experiences an unbalanced upward force resulting in
motion in that direction.

As the hot air rises it will cool and then come back down (this is also the way that a hot
air balloon works). The circular motion of air is called a convection current and this is the
way that heat is transferred around a room.

Radiation

At this stage of the course we haven’t really done enough to explain what radiation is
but it is the way that heat can pass directly between two bodies without heating the
material in between. In fact there doesn’t even have to be a material between since
radiation can pass through a vacuum. The name of this radiation is infrared and it is a
part of the electromagnetic spectrum. The amount of radiation emitted and absorbed
by a body depends on its colour. Dark, dull bodies both emit and absorb radiation better
than light shiny ones. When you stand in front of a fire and feel the heat, you are
feeling radiated heat.



Preventing heat loss

In everyday life, as well as in the
physics lab, we often concern
ourselves with minimizing
heat loss. Insulating materials
are often made out of fibrous
matter that traps pockets of
air. The air is a poor conductor
and when it is trapped it can’t
convect. Covering something
with silver-coloured paper will
reduce radiation.

Thermal capacity (C)

If heat is added to a body, its temperature rises, but the actual increase in temperature
depends on the body.

The thermal capacity (C) of a body is the amount of heat needed to raise its
temperature by 1°C. Unit: J]°C? or JK.

If the temperature of a body increases by an amount AT when quantity of heat Q is
added, then the thermal capacity is given by the equation:

_Q
C=AT

Worked example

If the thermal capacity of a quantity of water is 5000 J K™%, how much heat is required
to raise its temperature from 20°C to 100°C?

Solution

Thermal capacity C= % From definition
So Q=CAT Rearranging
Therefore Q = 5000 x (100 —20) ]

So the heat required Q =400k]

Worked example

How much heat is lost from a block of metal of thermal capacity 800J K™ when it
cools down from 60°C to 20°C?

Solution

Thermal capacity C= % From definition
So Q=CAT Rearranging
Therefore Q=800 x (60—-20)]

So the heat lost Q=32kJ

In cold countries houses
are insulated to prevent
heat from escaping. Are
houses in hot countries
insulated to stop heat
entering?

Roof insulation in a house.

This applies not only
when things are given
heat, but also when
they lose heat.

Itis possible to buy a
special shower head that
uses less water. In some
countries this is used to
save energy; in others to
save water.
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Remember, power is

Exercises

9 The thermal capacity of a 60 kg human is 210k K™'. How much heat is lost from a body if its
temperature drops by 2°C?

10 The temperature of a room is 10°C. In Thour the room is heated to 20°C by a TkW electric heater.

(a) How much heat is delivered to the room?
(b) What is the thermal capacity of the room?
(c) Does all this heat go to heat the room?

energy per unit time. b Specific heat capacity ()

The specific heat capacity of
water is quite high, so it takes
a lot of energy to heat up the

water for a shower.

It takes 4200] of energy
to raise the temperature
of water by 1°C. This

is equivalent to lifting
420kg a height of 1m.
This makes water a good
medium for transferring
energy but also makes
it expensive to take a
shower. Oil would be
cheaper to heat but not
so good to wash in.
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The thermal capacity depends on the size of the object and what it is
made of. The specific heat capacity depends only on the material. Raising
the temperature of 1 kg of water requires more heat than raising the
temperature of 1kg of steel by the same amount, so the specific heat
capacity of water is higher than that of steel.

The specific heat capacity of a material is the amount of heat required
to raise the temperature of 1kg of the material by 1°C. Unit: J kg™ °C™!
orJkg K™

If a quantity of heat Q is required to raise the temperature of a massm
of material by AT then the specific heat capacity (c) of that material is
given by the following equation:

c= Q
mAT

Worked example

The specific heat capacity of water is 4200] kg™ K™1. How much heat will be required
to heat 300g of water from 20°C to 60°C?

Solution

Specific heat capacity c= mJiT From definition

So Q =cmAT Rearranging

Therefore Q =4200 x 0.3 x 40 Note: Convert g to kg
Q = 50.4k]

Worked example

A metal block of mass 1.5kg loses 20k] of heat. As this happens, its temperature
drops from 60°C to 45 °C. What is the specific heat capacity of the metal?

Solution
Specific heat capacity c= m(gT From definition
S 20000 R .

0 ¢=13(60—45) earranging

c=888.9Jkg K"



Exercises

Use the data in Table 3.1 to solve the problems:

11 How much heat is required to raise the Substance Specific heat capacity

temperature of 250g of copper from 20°C to

(Ukg'K)

°C?
1607 Water 4200
12 The density of water is 1000 kgm>.
(a) What is the mass of 1 litre of water? Copper 380
(b) How much energy will it take to raise the .
temperature of 1litre of water from 20°C to Aluminium 900
100°C?
(c) Awater heater has a power rating of 1kW. Steel 440
How many seconds will this heater take to Table 3.1.

boil 1 litre of water?
13 A 500g piece of aluminium is heated with a 500 W heater for 10 minutes.

(a) How much energy will be given to the aluminium in this time?
(b) If the temperature of the aluminium was 20°C at the beginning, what will its temperature be after
10 minutes?
14 A car of mass 1500kg travelling at 20 ms™' brakes suddenly and comes to a stop.
(a) How much KE does the car lose?
(b) If 75% of the energy is given to the front brakes, how much energy will they receive?
(c) The brakes are made out of steel and have a total mass of 10kg. By how much will their
temperature rise?
15 The water comes out of a showerhead at a temperature of 50°C at a rate of 8 litres per minute.

(a) If you take a shower lasting 10 minutes, how many kg of water have you used?
(b) If the water must be heated from 10°C, how much energy is needed to heat the water?

Phase change

melting

freezing

Figure 3.27 When matter
vaporization changes from liquid to
gas, or solid to liquid, it is

condensation .
changing state.

When water boils, this is called a change of state (or change of phase). As this happens,
the temperature of the water doesn’t change — it stays at 100 °C. In fact, we find that
whenever the state of a material changes, the temperature stays the same. We can
explain this in terms of the particle model.

An iceberg melts as it floats
into warmer water.
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Figure 3.28 Molecules gain
PE when the state changes.

Figure 3.29 A ball-in-a-box
model of change of state.

Figure 3.30 A microscopic
model of evaporation.

People sweat to increase
the rate at which they
lose heat. When you get
hot, sweat comes out of
your skin onto the surface
of your body. When the
sweat evaporates, it cools
you down. In a sauna
there is so much water
vapour in the air that the
sweat doesn't evaporate.
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S S S energy added o *
<@ <@ <@> I, T neg @
Solid molecules have KE Liquid molecules are now free to move
since they are vibrating. about but have the same KE as before.

When matter changes state, the energy is needed to enable the molecules to move
more freely. To understand this, consider the example below.

energy energy
added added
EE—— _—>
Ball has KE as it is Ball now has Ball now has same KE as
moving in the box. KE + PE. before but also has PE and

is free to move around.

Boiling and evaporation

These are two different processes by which liquids can change to gases.

Boiling takes place throughout the liquid and always at the same temperature.
Evaporation takes place only at the surface of the liquid and can happen at all
temperatures.

Some fast-moving molecules leave
the surface of the liquid.

4 § 'Y \o X
et 2l

2
N

at the surface.

Liquid cools as average KE decreases.

e

When a liquid evaporates, the fastest-moving particles leave the surface. This means
that the average kinetic energy of the remaining particles is lower, resulting in a drop in
temperature.

The rate of evaporation can be increased by:

* increasing the surface area; this increases the number of molecules near the surface,
giving more of them a chance to escape.

* blowing across the surface. After molecules have left the surface they form a small
‘vapour cloud’ above the liquid. If this is blown away, it allows further molecules to
leave the surface more easily.

* raising the temperature; this increases the kinetic energy of the liquid molecules,
enabling more to escape.



Specific latent heat (L)

The specific latent heat of a material is the amount of heat required to change the state of
1kg of the material without change of temperature.

J

Unit: Jkg™!

Latent means hidden. This name is used because when matter changes state, the heat
added does not cause the temperature to rise, but seems to disappear.

If it takes an amount of energy Q to change the state of a massm of a substance, then
the specific latent heat of that substance is given by the equation:

L9

m

Worked example

The specific latent heat of fusion of water is 3.35 x 10°J kg™!. How much energy is
required to change 500 g of ice into water?

Solution

The latent heat of fusion L= % From definition
So Q=mL Rearranging
Therefore Q=0.5x3.35x%x10]

So the heat required Q=1.675%10°]

Worked example

J

The amount of heat released when 100g of steam turns to water is 2.27 x 10°].
What is the specific latent heat of vaporization of water?

Solution

lQ

m
L=227 % 10%/0.1]kg™!

L=2.27x10°]kg™

The specific latent heat of vaporization From definition
Therefore

So the specific latent heat of vaporization

Latent heat of
vaporization

Exercises

Use the data about water in Table 3.2 to solve the
following problems.

2.27 x 108Jkg™’

16 |If the mass of water in a cloud is Tmillion kg, how
much energy will be released if the cloud turns
from water to ice?

Latent heat of
fusion

3.35 x 105Jkg™’

17 A water boiler has a power rating of 800 W. How
long will it take to turn 400 g of boiling water into
steam?

Table 3.2 Latent heats of water.

18 The ice covering a 1000 m? lake is 2 cm thick.

(a) If the density of ice is 920kgm™3, what is the mass of the ice on the lake?
(b) How much energy is required to melt the ice?

(c) If the Sun melts the ice in 5 hours, what is the power delivered to the lake?
(d) How much power does the Sun deliver per m??

Solid — liquid

Specific latent heat of
fusion

Liquid — gas
Specific latent heat of
vaporization

This equation

(L =2) can also be used
to calculate the heat
lost when a substance
changes from gas to
liquid, or liquid to solid.

Before the invention of
the refrigerator, people
would collect ice in the
winter, and store it in
well-insulated rooms so
that it could be used to
make ice cream in the
summer. The reason it
takes so long to melt is
because to melt 1 kg of
ice requires 3.3 x 10° ] of
energy; in a well-insulated
room this could take
many months.
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N this example, we are & Graphical representation of heating
ignoring the heat given C

The increase of the temperature of a body can be represented by a temperature—time
to the kettle and the heat

graph. Observing this graph can give us a lot of information about the heating process.

lost.
A From this graph we can calculate the amount of heat
60 . given to the water per unit time (power).
. _ temperature rise _ AT
The gradient of the graph = ime = AL
temp;(:rcature We know from the definition of specific heat capacity that
20 heat added = mcAT
! . __mcAT
The rate of adding heat = P = —#-
time/s 20  So P =mc x gradient
: The gradient of this line =207 2% ecs1 = 0,167 °Cs
Figure 3.31 Temperature- e gradient of this line 340 s7=0.167°Cs

time graph for 1kg of
water being heated in an
electric kettle.

So  the power delivered = 4200 x 0.167 W = 700 W

If we continue to heat this water it will begin to boil.

A
100 If we assume that the heater is giving heat to the water at
! the same rate, then we can calculate how much heat was
temperature 60 given to the water whilst it was boiling.
Re . :
20+ E
T T i >
240 480 960
time/s
Figure 3.32 A graph of Power of the heater = 700 W
temperature vs time for boiling
water. When the water is Time of boiling = 480s

boiling, the temperature does Energy supplied = power x time = 700 x 480] = 3.36 x 10°]
not increase any more.
From this we can calculate how much water must have turned to steam.

The amount of heat L
loss is proportional to Heat added to change state = mass x latent heat of vaporization,
the difference between
the temperature of 3.36 x 10°
the kettle and its Mass changed to steam = 550~ ¢ = 0.15k
6 .

surroundings. For this & 2.27 %10 &
reason, a graph of A
temperature against
time is actually a curve,
as shown in Figure 3.33.

where latent heat of vaporization of water = 2.27 x 10°J kg™

The fact that the tempe[ature
gradient decreases tells /°C

us that the amount of

heat given to the water

gets less with time. This 20 1
is because as it gets

hotter, more and more 2210 4é0
of the heat is lost to the
room.

\

time/s

Figure 3.33 Heat loss.
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Measuring thermal quantities by the method of mixtures

The method of mixtures can be used to measure the specific heat capacity and specific
latent heat of substances.

@ Specific heat capacity of a metal
A metal sample is first heated to a known temperature. The most convenient way of
doing this is to place it in boiling water for a few minutes; after this time it will be at
100°C. The hot metal is then quickly moved to an insulated cup containing a known

mass of cold water. The hot metal will cause the temperature of the cold water to rise; 0.1kg

the rise in temperature is measured with a thermometer. Some example temperatures
and masses are given in Figure 3.34.

As the specific heat capacity of water is 4180) kg™' K™!, we can calculate the
specific heat capacity of the metal.
AT for the metal = 100 - 15 = 85°C 0.4kg
and AT for the water = 15 -10=5°C
Applying the formula Q = mcAT we get
(MCAT) e = 0.1 x ¢ x 85 = 8.5¢
(MCAT) yarer = 0.4 x 4180 x 5 = 8360
If no heat is lost, then the heat transferred from the metal = heat transferred to the water
8.5¢ = 8360
Crmetal = 983 kg1 KT

Latent heat of vaporization of water

To measure the latent heat of vaporization, steam is passed into cold water. Some of the steam
condenses in the water, causing the water temperature to rise.

The heat from the steam = the heat to the water.

steam

0.4kg 0.413kg
10°C

30 °C
In Figure 3.35, 13 g of steam have condensed in the water, raising its temperature by 20°C. The
steam condenses then cools down from 100°C to 30°C.
Heat from steam = Mleam + MCAT, ater
0.013 xL+0.013 x4.18 x 10° x 70 = 0.013L + 3803.8
Heat transferred to cold water = mcAT,, e, = 0.4 x 4.18 x 10° x 20

= 33440
Since heat from steam = heat to water
0.013L + 3803.8 = 33440
_ 33440 -3803.8
50 L==0013

L=228x 105 kg

Heat loss

In both of these experiments, some of the heat coming from the hot source can be lost
to the surroundings. To reduce heat loss, the temperatures can be adjusted, so you could
start the experiment below room temperature and end the same amount above (e.g. if
room temperature is 20 °C, then you can start at 10°C and end at 30°C).

)
~N

100°C H

10°C

15°C

Figure 3.34 Measuring the
specific heat capacity of a
metal.

®

Measurement of the
specific heat capacity of
a metal by the method
of mixtures

A worksheet with full details
of how to carry out this
experiment is available in
your eBook.

Figure 3.35 By measuring
the rise in temperature, the
specific latent heat can be
calculated.

When melting sugar to
make confectionary be
very careful: liquid sugar
takes much longer to cool
down than you might
think. This is because as
it changes from liquid

to solid it is giving out
heat but doesn't change
temperature. You should
wait a long time before
trying to pick up any of
your treats with your
fingers.

To learn more about
thermal concepts, go to
the hotlinks site, search
for the title or ISBN and
click on Chapter 3.
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A lot of experiments C

that you will do in the
physics lab are designed
to reinforce theory.
However, real science isn't
always like that. Theories
are often developed as

a result of observation
and experiment. Given
that gases are made of
randomly moving tiny
particles it is not difficult
to explain their properties.
Deducing that gases are
made of particles from
the properties of the gas
is a much more difficult
proposition that will
fortunately never have to
be done again.

The pressure laws

are examples of how

we investigate the
relationship between two
variables while controlling
all other factors.

Figure 3.36 Molecules of gas
in random motion.
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Modelling a gas

3.2 Modelling a gas
Understandings, applications, and skills:

Kinetic model of an ideal gas

Guidance
o Students should be aware of the assumptions which underpin the molecular kinetic theory of
ideal gases.

Pressure

Equation of state for an ideal gas

® Solving problems using the equation of state for an ideal gas and gas laws.

e Sketching and interpreting changes of state of an ideal gas on pressure-volume, pressure-
temperature, and volume-temperature diagrams.

e |nvestigating at least one gas law experimentally.

Guidance
® Gas laws are limited to constant volume, constant temperature, constant pressure, and the ideal
gas law.

Differences between real and ideal gases

Guidance
e Students should understand that a real gas approximates to an ideal gas at conditions of low pressure,
moderate temperature, and low density.

The ideal gas

Of the three states of matter, the gaseous state has the simplest model; this is because
the forces between the molecules of a gas are very small, so they are able to move
freely. We can therefore use what we know about the motion of particles learnt in the
mechanics section to study gases in more detail.

According to our simple model, a gas is made up of a large number of perfectly elastic,
tiny spheres moving in random motion.

This model makes some assumptions:

* The molecules are perfectly elastic.

* The molecules are spheres.

* The molecules are identical.

* There are no forces between the molecules (except when they collide) — this means
that the molecules move with constant velocity between collisions.

* The molecules are very small; that is, their total volume is much smaller than the
volume of the gas.

Some of these assumptions are not true
for all gases, especially when the gas is
compressed (when the molecules are
so close together that they experience

a force between them). The gas then
behaves as a liquid. However, to keep
things simple, we will only consider
gases that behave like our model. We
call these gases ideal gases.

O/V

O
o
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Defining the state of a gas

To define the state of an amount of matter we need to give enough information so that
another person could obtain the same material with the same properties. If we were to
take a 100 g cube of copper at 300K we have stated how much and how hot it is, and
even its shape, someone else would be able to take an identical piece of copper and it
would behave in the same way as ours. If on the other hand we were to take 100g of
helium gas then we would also need to define its volume since this will depend on the
container and different volumes cause the pressure exerted by the gas on its sides to

be different.

Volume

The volume of a gas is simply the volume of the container. If we want to vary the volume
we can place the gas in a cylinder with a moveable end (a piston) as in Figure 3.37.

© o 940

© o | |/—= Figure 3.7 G
OO O O molecules trapped in an
@)

adjustable container.

Temperature

Since gas molecules have no force between them it requires no work to move them
around which means that there is no energy associated with their position. In other
words, the molecules have no PE. The temperature of a gas in kelvin is therefore
directly proportional to the average KE of a molecule.

KE pean = 3 KT
where k is the Boltzmann constant, 1.38 x 1072*JK™L.
If there are N molecules then the total KE of the gas = N x KE ..., = %NkT

A more convenient expression is KE = %nRT where R is the molar gas constant, and n
is the number of moles. Higher KE implies higher velocity so the molecules of a gas at
high temperature will have a higher average velocity than molecules of the same gas at
a low temperature, as shown in Figure 3.38.

Q, 6*0(0'\0

o3 &
) il

low temperature, small average KE high temperature, large average KE

Figure 3.38.

Let us compare two gases A and B with molecules of different mass at the same
temperature. Applying KE = %nRT we can deduce that if temperature is the same then
the average KE of the molecules will be the same. But KE = % mv? so

1 21 2
5 MAVA™ =5 MpVp

My _ Vg
My vy*
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Figure 3.39 Same

temperature, different gases.

Figure 3.40 Gas pushes
piston to the right so

something must push it to

the left.

Figure 3.41 One molecule

114

of gas.

Thermal physics

This means that if A has smaller molecules the molecules in gas A must have higher
velocity, as represented by the red balls in Figure 3.39.

temperature = T temperature =T
R o Q. 6000 |
o—«9° O
small molecules, high velocity large molecules, low velocity
Pressure

When gas molecules collide with the sides of the container their momentum changes.

This is because they have experienced an unbalanced force from the wall. According

to Newton’s third law, the wall must experience an equal and opposite force so will

be pushed out by the gas. This is why the piston must be held in place by the man in

Figure 3.40.fThis is the force responsible for the pressure a gas exerts on its container
orce:

(pressure =" -5).

Q, 6“0/0?
\O(‘Q\O//OOOEW

To understand how the pressure is related to the motion of the molecules we can
consider the simplified version shown in Figure 3.41 where one molecule is bouncing
rapidly between the piston and the far wall of the cylinder.

m -

O— | |/

< i >

When the molecule hits the piston it bounces off elastically. The magnitude of change
in momentum is therefore 2mv. The force exerted on the piston is equal to the rate of
change of momentum which in this case = change in momentum x rate of hitting the
wall. The rate at which the molecule hits the wall depends on how long it takes for the
molecule to travel to the other end of the cylinder and back:

2L
time for molecule to travel to other end and back = >

, o1 v
number of hits per unit time = (é) 7L
v

2
v _my
rate of change of momentum = 2my x 57 = ——

so the pressure is directly related to the KE of the particles and therefore the
temperature of the gas.



The force exerted by the gas on the
piston would cause the piston to
move outwards unless there was

a force opposing it. In the lab this
force is normally provided by the
air on the outside which is also
made of molecules in random
motion as shown in Figure 3.42.

d . %
JCApAe

Figure 3.42 Piston pushed by trapped gas on one

Relationships between BV, and T

When dealing with relationships we generally are concerned with two quantities, e.g.

distance and time, force and area, mass and volume. Here we have three variables, each
depending on each other. To make life easier we can keep one constant and look at the

side and air on the other.

relationship between the other two. This will give three different relationships which

are known as the gas laws.

Boyle’s law (constant temperature)

The pressure of a fixed mass of gas at constant temperature is inversely

proportional to its volume.

1
Pocv

As the volume of a gas is reduced the gas will become denser, because the molecules
are pushed together. The molecules will therefore hit the walls more often, increasing
the rate of change of momentum and hence the pressure as shown in Figure 3.43.

L. e
0”0/9*‘“0

"o
o <O

@ Experimental investigation

pressure sensor

The easiest way to test the
relationship between pressure and
volume is to compress a gas in a
syringe that is connected via some
rubber tubing to a pressure sensor
as in the photo and Figure 3.44. The
range of pressure will be limited to
how strong you are but should be
enough to show the relationship.

gas syringe

—25

0
i

—100

Q

When you make changes
to the state of a gas all
three quantities will
change unless one is kept
constant. This is a rather
artificial condition but
makes modelling the gas
easier.

Keeping the temperature
constant is quite difficult
because when you push
in the piston you do work
on the gas, increasing
the KE of the molecules
and hence increasing
the temperature. If the
compression is slow then
the temperature will
have time to return to
the temperature of the
surroundings.

Figure 3.43 Reducing the
volume increases the pressure.

Figure 3.44.

Boyle's law apparatus.

®

The relationship
between the pressure
and volume of a fixed
mass of gas (Boyle’s law)
A worksheet with full details
of how to carry out this
experiment is available in
your eBook.
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pA Graphical representation of Boyle’s law

Since the pressure of a fixed mass of gas at constant temperature is inversely
proportional to its volume, a graph of pressure against volume will be a curve as
shown in Figure 3.45.

If the experiment was now repeated
with the same amount of gas at
different temperatures the set of blue
lines shown in Figure 3.46 would

be achieved. Each line is called an
isothermal. The effect of increasing the
temperature of a fixed volume of gas is
to increase the pressure so we can see
that the curves further away from the

P A

(e}
<Y

Figure 3.45 Graph of Pvs V.

Figure 3.46 P vs V for

different T. origin are for higher temperatures. The
0 orange lines on the graph represent the
0 following gas transformations:
I[J] constant temperature (isothermal)
JK constant pressure (isobaric)
KL constant volume (isochoric).
When a gas is Pressure law (constant volume)
compressed work . Lo
is done on it. Work The pressure of a fixed mass of gas with constant volume is directly
done = force x distance proportional to its temperature in kelvin.
which is the area under
the P-V graph. This makes PeT

this graph particularly

LT As the temperature of a gas is increased the average KE of the molecules increases. The
useful when investigating

the energy changes that change in momentum as the molecules hit the walls is therefore greater and they hit
a gas undergoes when the walls more often as shown in Figure 3.47. According to Newton’s second law the
transformed. More about force exerted = rate of change of momentum, so the force on the walls increases and

this if you do option B. .
Y p hence the pressure increases.

el L0 : o\‘O/‘ "o :
Figure 3.47. %%\‘Of -/04/0\0 I %Loo}fgﬁ io I

increased temperature  —  increased KE  — increased pressure

Experimental investigation

®

A pressure sensor can also be used in an experiment to show the
relationship between pressure and temperature. This time a flask
of fixed volume is placed in a water bath as shown in the photo
and Figure 3.48. A temperature sensor measures the temperature
of the gas while a pressure sensor measures its pressure. The
temperature of the gas is changed by heating the water, and the
pressure and temperature are recorded simultaneously.

Pressure law apparatus.
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thermometer

pressure sensor

water —

Figure 3.48 Apparatus to

_
UeS measure Pand T.

Graphical representation of the pressure law

Since pressure is proportional to temperature a graph of pressure vs temperature for a pA
fixed mass of gas at constant volume will be a straight line as shown in Figure 3.49.

If the experiment was repeated with pA
different volumes of the same amount
of gas then the set of lines shown in
Figure 3.50 would be achieved, each
line representing a different volume.
Increasing the volume at constant
temperature (line CD) will make the
pressure lower so the less steep lines are
for larger volumes. The orange lines on

0 >
T

increasing V
Figure 3.49 Graph of P vs T.
the graph represent the following gas

transformations:

AB  constant volume (isochoric)

BC constant pressure (isobaric) r

CD constant temperature (isothermal). Figure 3.50 P vs T for different V.

Charles’ law (constant pressure)

The volume of a fixed mass of gas at a constant pressure is directly proportional
to its temperature in kelvin.

Ve T

As the temperature of a gas is increased the molecules move faster causing an increase
in pressure. However, if the volume is increased in proportion to the increase in
temperature the pressure will remain the same. This is shown in Figure 3.51.

fe’ Q | d o0 < 80— |
o 1 1 \0 1
02"8{0‘0 3”80«/;}%1 - fMO/

increased temperature  —  increased KE  — increased pressure - increased volume reduces pressure to original

Figure 3.51 Constant
pressure expansion.
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The liquid will add a little ‘ ; @ Experimental investigation
. 1
bit to the pressure. To test the relationship between volume and

Figure 3.52 Charles' law
apparatus.

0 >
T

Figure 3.53 Graph of Vvs T.
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thermometer

/

temperature you need a narrow tube with the
top end open and a small amount of liquid that
traps a sample of dry air, as shown in Figure
3.52. Traditionally concentrated sulfuric acid
was used to trap the air because it absorbs
water. However, this might be against the safety
regulations in your country. If so, oil will do the
job but might not give such good results. The
temperature of the sample of air is changed
by placing it in a water bath which is heated.
The temperature of the gas is then assumed to
be the same as the temperature of the water,
which is measured using a thermometer. If we
assume the tube has a uniform cross-section
then, as the temperature is changed, the volume
is measured by measuring the length of the
@ cylinder of gas. At the start of the experiment
the pressure of the gas = the pressure of the
= surrounding air; as the temperature increases
heat T the pressure also increases pushing the bead
up the tube increasing the volume, causing the
pressure to reduce until it is again equal to the pressure of the surrounding air. We therefore
assume the gas pressure is constant.

ruler — H]

liquid to
trap air

water — |

| —

air— |

H\\HHHH\‘HHHHHHHHHH \'I\HHHHHHHHH\HHH

Graphical representation of Charles’ law

Since volume is proportional to vA
temperature a graph of volume vs
temperature for a fixed mass of gas at
constant pressure will be a straight line
as shown in Figure 3.53.

If the experiment was repeated with the
gas at different constant pressures then
the set of lines shown in Figure 3.54
would be achieved, each line
representing a different pressure.

increasing P

Reducing the volume at a constant 0 >
. . . 0 T
temperature (line GH) will resultin a
higher pressure so the less steep lines have higher pressure.
The orange lines on the graph represent the following gas Figure 3.54 V vs T for
different P

transformations:
EF constant pressure (isobaric)
FG constant volume (isochoric)

GH constant temperature (isothermal).

Avogadro’s hypothesis

Avogadro’s hypothesis states that equal volumes of gas at the same temperature and
pressure have the same number of molecules. We can now see why this is the case. To
simplify the situation we will consider two cylinders each containing one molecule of
a different gas with the same KE. As you can see in Figure 3.55 molecule B has a larger
mass than molecule A so is travelling at a slower velocity.



Figure 3.55 Two different
gases at the same pressure and
- Ly i - Ly ~ temperature.

2
The force exerted by each molecule is given by % = iﬁ (see page 113).

Both gases have the same KE so:

2KE
force exerted by A = T,

2KE
force exerted by B = T,

To make the force the same we would therefore need to make L, = L.

In other words, equal numbers of molecules (1 in this case) with the same pressure and
temperature occupy the same volume.

The ideal gas equation
The relationship between all three variables can be expressed in one equation:
PV =nRT

where n = the number of moles of gas and R = the molar gas constant (8.31 Jmol™ K™).

Graphical representation of the ideal gas equation

This relationship can be represented on a graph with three axes as in Figure 3.56. The PA
shaded area represents all the possible states of a fixed mass of gas. No matter what you
do to the gas, its P, V, and T will always be on this surface. This is quite difficult to draw
so the 2-dimensional views shown before are used instead.

I\ / A A
VY YV X NN\
AN XXX XS
R I
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Worked example

The pressure of a gas inside a cylinder is 300kPa. If the gas is compressed to half its 0‘?’
original volume and the temperature rises from 27°C to 327 °C, what will its new <
pressure be? %
Solution
Figure 3.56.

Using the ideal gas equation: PV =nRT
R ing: . t

carranging: T - consan 3 Temperatures must be
So g at the beginning = g at the end changed to kelvin.

PV the beoinning = 220000 x V
T atthe beginning = 300

)
PV o eendenZ
T attheend = 600
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v _Px3
Equating: 300000 * 356 = 00~
2
P=300000 x 600 x 355
P =1200kPa

e

19 The pressure of 10m? of gas in a sealed container at 300K is 250kPa. If the temperature of the gas is

YOURSELF changed to 350K, what will the pressure be?

T Two idemicl fass e 20 A container of volume 2m? contains 5 moles of gas. If the temperature of the gas is 293K:

full of air are connected (a) what is the pressure exerted by the gas?

by a thin tube on a day (b) what is the new pressure if half of the gas leaks out?

when the temperature is 21 A piston contains 250 cm? of gas at 300K and a pressure of 150kPa. The gas expands, causing the
300K and the atmospheric pressure to go down to 100kPa and the temperature drops to 250K. What is the new volume?
PSSl 1_00 kPa. One of 22 Asample of gas trapped in a piston is heated and compressed at the same time. This results in a

the flasks is then heated to doubling of temperature and a halving of the volume. If the initial pressure was 100kPa, what will the
400K while the other one final pressure be?

is kept at 300K. What is the
new pressure in the flasks?

------------------------------------------------------ Real gases
The assumptions we made when developing the model for an ideal gas do not fully
To learn more about . ; :
modelling a gas, go to the apply to real gases except when the pressure is low and the temperature high. At high
hotlinks site, search for pressures the molecules can be close together so the assumption that the volume of
the title or ISBN and click the molecules is negligible doesn’t apply, nor does the one about there being no forces

o ChEfier between the molecules. What can also happen at low temperatures is the gas can

change into a liquid which, for obvious reasons, doesn’t behave like a gas. However,
although no gas behaves exactly as an ideal gas, air at normal room temperature and
pressure comes pretty close, as our experiments have shown.

Nitrogen becomes a liquid at
low temperatures.
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2.

Practice questions
1.

This question is about the change of phase (state) of ice.

A quantity of crushed ice is removed from a freezer and placed in a calorimeter. Thermal energy
is supplied to the ice at a constant rate. To ensure that all the ice is at the same temperature,

it is continually stirred. The temperature of the contents of the calorimeter is recorded every 15
seconds.

Figure 3.57 shows the variation with time ¢ of the temperature 6 of the contents of the
calorimeter. (Uncertainties in the measured quantities are not shown.)

204
157

10

_20 T T T T T T T
0 25 50 75 100 125 150 175
tls

Figure 3.57.
(a) Copy Figure 3.57 and, on the graph, mark with an X the data point at which all the ice has
just melted. (1)
(b) Explain, with reference to the energy of the molecules, the constant temperature region of
the graph. (3)
The mass of the ice is 0.25kg and the specific heat capacity of water is 4200Jkg="K-".
(c) Use these data and data from the graph to

(i) deduce that energy is supplied to the ice at the rate of about 530W. (3)
(i) determine the specific heat capacity of ice. (3)
(iii) determine the specific latent heat of fusion of ice. (2)

(Total 12 marks)
This question is about thermal physics.
(a) Explain why, when a liquid evaporates, the liquid cools unless thermal energy is
supplied to it. (3)

(b) State twao factors that cause an increase in the rate of evaporation of a liquid. (2)

(c) Some data for ice and for water are given below.
Specific heat capacity of ice = 2.1 x 103Jkg~'K~!
Specific heat capacity of water = 4.2 x 10°Jkg=" K~
Specific latent heat of fusion of ice = 3.3 x 10°Jkg™
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A mass of 350 g of water at a temperature of 25°C is placed in a refrigerator that extracts

thermal energy from the water at a rate of 86W.

Calculate the time taken for the water to become ice at —5.0°C. (4)
(Total 9 marks)

3. This question is about modelling the thermal processes involved when a person is running.
When running, a person generates thermal energy but maintains approximately constant
temperature.

(a) Explain what thermal energy and temperature mean. Distinguish between the two concepts.
)

The following simple model may be used to estimate the rise in temperature of a runner

assuming no thermal energy is lost.

A closed container holds 70kg of water, representing the mass of the runner. The water is heated

at a rate of 1200W for 30 minutes. This represents the energy generation in the runner.

(b) (i) Show that the thermal energy generated by the heater is 2.2 x 108). (2)

(i) Calculate the temperature rise of the water, assuming no energy losses from the water.
The specific heat capacity of water is 4200Jkg=' K=", (3)

(c) The temperature rise calculated in (b) would be dangerous for the runner. Outline three
mechanisms, other than evaporation, by which the container in the model would transfer
energy to its surroundings. (6)

A further process by which energy is lost from the runner is the evaporation of sweat.
(d) (i) Describe, in terms of molecular behaviour, why evaporation causes cooling. (3)
(ii) Percentage of generated energy lost by sweating: 50%
Specific latent heat of vaporization of sweat: 2.26 x 10 kg™

Using the information above, and your answer to (b) (i), estimate the mass of sweat
evaporated from the runner. (3)

(iiii) State and explain two factors that affect the rate of evaporation of sweat from the skin
of the runner. (4)
(Total 25 marks)
4. This question is about the breaking distance of a car and specific heat capacity.

(@) A car of mass 960kg is free-wheeling down an incline at a constant speed of 9.0ms".

speed = 9.0ms™

Figure 3.58.
The slope makes an angle of 15° with the horizontal.
(i) Deduce that the average resistive force acting on the car is 2.4 x 103N. (2)
(i) Calculate the kinetic energy of the car. (1



(b) The driver now applies the brakes and the car comes to rest in 15m. Use your answer to (a)
(ii) to calculate the average braking force exerted on the car in coming to rest. (2)

(c) The same braking force is applied to each rear wheel of the car. The effective mass of
each brake is 5.2 kg with a specific heat capacity of 900 kg='K=". Estimate the rise in
temperature of a brake as the car comes to rest. State one assumption that you make in your
estimation. (4)

(Total 9 marks)
5. This question is about ideal gases.

(a) The atoms or molecules of an ideal gas are assumed to be identical hard elastic spheres that
have negligible volume compared with the volume of the containing vessel.

(i) State two further assumptions of the kinetic theory of an ideal gas. (2)

(ii) Suggest why only the average kinetic energy of the molecules of an ideal gas is related
to the internal energy of the gas. (3)

(b) An ideal gas is contained in a cylinder by means of a frictionless piston.

cylinder\ '

ideal gas— | I

piston

Figure 3.59.
At temperature 290 K and pressure 4.8 x 10°Pa, the gas has volume 9.2 x 10=4m?.

(i) Calculate the number of moles of the gas. (2)

(i) The gas is compressed isothermally to a volume of 2.3 x 10-*m3. Determine the
pressure P of the gas. (2)

(iii) The gas is now heated at constant volume to a temperature of 420K. Show that the
pressure of the gas is now 2.8 x 10° Pa. (1)

(c) The gas in (b)iii) is now expanded adiabatically so that its temperature and pressure return
to 290K and 4.8 x 10°Pa respectively. This state is shown in Figure 3.60 as point A.

pA
°A
0 >
0 "4
Figure 3.60.
Copy Figure 3.60 and on the axes sketch a pressure—volume (p—V) diagram for the
changes in (b)(ii), (b)(iii), and (c). (3)

(Total 13 marks)
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Essential ideas

Circular motion
A force applied perpendicular to its displacement can result in
circular motion.

Newton’s law of gravitation

The Newtonian idea of gravitational force acting between two
spherical bodies and the laws of mechanics create a model that
can be used to calculate the motion of planets.

By applying what we know about motion in a straight line we can develop a model for
motion in a circle. This is a common way that models are developed in physics: start
simple and add complexity later.

Circular motion

6.1 Circular motion

Understandings, applications, and skills:

Period, frequency, angular displacement, and angular speed

® Solving problems involving centripetal force, centripetal acceleration, period, frequency, angular
displacement, linear speed, and angular velocity.

Centripetal force

@ Qualitatively and quantitatively describing examples of circular motion including cases of vertical
and horizontal circular motion.

Guidance
® Banking will be considered qualitatively only.

Centripetal acceleration

If a car travels around a bend at 30kmh, it is obviously travelling at a constant
speed, since the speedometer registers 30kmh! all the way round. However, it is not
travelling at constant velocity. This is because velocity is a vector quantity and for a
vector quantity to be constant, both magnitude and direction must remain the same.
Bends in a road can be many different shapes, but to simplify things, we will only
consider circular bends taken at constant speed.

Quantities of circular motion e

Consider the body in Figure 4.1 travelling in /7 N
a circle radius r with constant speed v. / \
In time At the body moves from A to B. / \

\
As it does this the radius sweeps out an | r TV
|
\

angle A6.

When describing motion in a circle we \
often use quantities referring to the N X /
angular motion rather than the linear ~ A/
motion. These quantitiesare: "7 77

Looking at the similar patterns
made by the cars and the stars
it is not surprising that people
used to think that the stars
travelled around the Earth.

When dealing with
circular motion in physics
we always measure the
angle in radians.

Figure 4.1.
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Circular motion and gravitation

Time period (T)
The time period is the time taken to complete one circle.

The unit of the time period is the second.

Angular displacement (6)

The angular displacement is the angle swept out by a line joining the body to the centre.

The unit of angular displacement is the radian.

Angular velocity (v — omega)

The angular velocity is the angle swept out by per unit time.
The unit of angular velocity is the radian s™%.
o= At

The angle swept out when the body completes a circle is 2 and the time taken is by
definition the time period T so this equation can also be written:

o
T
Frequency (f)
The frequency is the number of complete revolutions per unit time.
=1

=1
So

=2xnf

Angular velocity and speed

In a time T the body in Figure 4.1 completes one full circle so it travels a distance 27r,
the circumference of the circle. Speed is defined as the % sov =2 In this
time a line joining the body to the centre will sweep out an angle of 2x radians so the
. ) . . . . )
angular velocity @ = <I. Substituting into the equation for v we get:
v=qr

Although the speed is constant, when a body moves in a circle its direction and hence

Figure 4.2 A body travels at velocity are always changing. At any moment in time the magnitude of the
constant speed around a circle instantaneous velocity is equal to the speed and the direction is perpendicular to the
of radius r.

radius of the circle.

Centripetal acceleration

/ \ From the definition of acceleration, we know that if the velocity of a body
; \ changes, it must be accelerating, and that the direction of acceleration is in the
, . direction of the change in velocity. Let us consider a body moving in a circle
T‘/ with a constant speed v. Figure 4.2 shows two positions of the body separated
\ /B by a short time.

N To derive the equation for this acceleration, let us consider a very small
R / angular displacement 86 as represented by Figure 4.3.



560

dv
Figure 4.3 A very small
angular displacement.

If this small angular displacement has taken place in a short time &t then the angular
velocity @ = %

. . change of velocit
From the definition of acceleration, a = 8 y

time

If we took only the magnitude of velocity then the change of velocity would be zero. r
However, velocity is a vector so change in velocity is found by taking the final velocity
vector — initial velocity vector as in the vector addition in Figure 4.3. This triangle isn’t

(%)

. . , . . =5/l
a right-angled triangle so can’t be solved using Pythagoras. However, since the angle 360 =51
is small, we can say that the angle 66 in radians is approximately equal to =~ r
Rearranging gives dv =vd0 c
lerati v vd6
acceleration = ¢~ ="~
ot ot if @ small 6=cr
a=vo
. Figure 4.4 The small angle
But we know that v = er so we can substitute forvand get a = @?r approximation.
o v
or substituting for w=—
7
r You will not be asked to
The direction of this acceleration is in the direction of &v. Now, as the angle 86 is small, reproduce this derivation

the angle between v and v is approximately 90° which implies that the acceleration is In the exam.

perpendicular to the velocity. This means the acceleration is directed towards the centre
of the circle; hence the name centripetal acceleration.

Exercise

1 A body travels with constant speed of 2ms™" around a circle of radius 5m. Calculate:

(a) the distance moved in one revolution.
(b) the displacement in one revolution.
(c) the time taken for 1 revolution.

(d) the frequency of the motion.

(e) the angular velocity.

(f) the centripetal acceleration.

Centripetal force

From Newton'’s first law, we know that if a body accelerates, there must be an
unbalanced force acting on it. The second law tells us that this force is in the direction
of the acceleration. This implies that there must be a force acting towards the centre.
This force is called the centripetal force.

2
my
From Newton'’s second law we can also deduce that F=maso F = - = ma?.

F=maw*
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If you go over a hump
back bridge too quickly
your car might leave the
surface of the road. This is
because the force needed
to keep you moving in

a circle is more than the
weight of the car.

In this example the
astronaut has a much
larger mass than the
ball. If this wasn't the
case the astronaut
would be pulled out of
position by the equal
and opposite force
acting on the other end
of the string.

Figure 4.5 An astronaut
playing with a mass on a
string.

People often think that
the mass will fly outwards
if the string breaks. This

is because they feel

that if the string breaks
the mass will move in
this direction. Applying
Newton's laws we know
that this is not the case.
This is an example of a
case where intuition gives
the wrong answer.

Figure 4.6 The string breaks.
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Circular motion and work

An alternative way of deducing that the force acts towards the centre is to consider the
energy. When a body moves in a circle with constant speed it will have constant KE.
This means that no work is being done on the mass. But we also know that since the
velocity is changing, there must be a force acting on the body. This force cannot be
acting in the direction of motion since if it was then work would be done and the KE
would increase. We can therefore deduce that the force must be perpendicular to the
direction of motion; in other words, towards the centre of the circle.

Examples of circular motion

All bodies moving in a circle must be acted upon by a force towards the centre of the
circle. However, this can be provided by many different forces.

Mass on a string in space

If you take a mass on the end of a string you can
easily make it move in a circle but the presence
of gravity makes the motion difficult to analyse.
It will be simpler if we start by considering what
this would be like if performed by an astronaut
in deep space; much more difficult to do but
easier to analyse. Figure 4.5 shows an astronaut
making a mass move in a circle on the end of a
string. The only force acting on the mass is the
tension in the string.

In this case it is obvious that the centripetal
force is provided by the tension so

2
— my
T=12

From this we can predict that the force required
to keep the mass in its circular motion will
increase if the speed increases. This will be felt
by the astronaut who, according to Newton’s
third law, must be experiencing an equal and
opposite force on the other end of the string. If
the string were to break the ball would have no
forces acting on it so would travel at a constant
velocity in the same direction as it was moving
when the break occurred. This would be at
some tangent to the circle as in Figure 4.6.

Mass on a string on the Earth (horizontal)

When playing with a mass on a string on the Earth, there will be gravity acting as well
as tension. We will first consider how this changes the motion when the mass is made
to travel in a horizontal circle as in Figure 4.7.



Figure 4.7 A mass swung in a
horizontal circle.

For the motion to be horizontal there will be no vertical acceleration so the weight
must be balanced by the vertical component of tension (T cos 6 = mg). This means

that the string cannot be horizontal but will always be at an angle as shown in he——Q) ---

Figure 4.7. The centripetal force is provided by the horizontal component of tension o mg :
2 ’

(T sin 6="), which is equal to the vector sum of the two forces. I

Mass on a string on the Earth (vertical)

As a mass moves in a vertical circle the force of gravity sometimes acts in the

same direction as its motion and sometimes against it. For this reason it is not
possible to keep it moving at a constant speed, so here we will just consider it

when it is at the top and the bottom of the circle as shown in Figure 4.8.

2

my;

2
At the top the centripetal force m% =T,+mgsoT,= —mg

2 2 Figure 4.8 A mass swungin a
my, my,
At the bottom Tb =T,—mgsoT,= Tb +mg vertical circle.

When the mass approaches the top of the circle its KE is converted into PE, resulting
in aloss of speed. If it were to stop at the top then it would fall straight down. The
minimum speed necessary for a complete circle is when the weight of the ball is
enough to provide the centripetal force without any tension. So if T, = 0 then m—;’ﬁ =mg.

When you rotate a mass in a vertical circle you definitely feel the change in the tension
as it gets less at the top and more at the bottom.

Looping the loop

When looping the loop on a rollercoaster the situation is very similar to the vertical

circle example except that the tension is replaced by the normal reaction force. This
2

also gives a minimum speed at the top of the loop when ™*-=W.

If the ride is propelled by
gravity then the designer must
make sure that the car has
this minimum speed when it
reaches the top.

Figure 4.9 Looping the loop.

Applying the law of conservation of energy to the car in Figure 4.9, if no energy is lost
then the PE at the top of the hill = PE + KE at the top of the loop.
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Wall of death.

Figure 4.10 The wall of death
with a ball rather than bike.

Dynamic friction is

less than static friction
SO once a car starts to
skid on a corner it will
continue. This is also
why it is not a good idea
to spin the wheels of a
car whilst going round a
corner.
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The minimum speed to complete the loop is mg = mTVZ so at the top of the loop
%mv2 = %mgr.
The height of the car at the top of the loop is 2r so PE = mgh = mg?r.

So PE at top of slope = 2mgr + %mgr = 2.5mgr which means the height of the slope = 2.5r.
In any real situation there will be energy lost due to work done against friction and air
resistance so the slope will have to be a bit higher.

The wall of death

In the wall of death motorbikes and cars travel around the inside of a cylinder with
vertical walls.

In the wall of death shown in Figure 4.10 the centripetal force is provided by the
normal reaction, R. The weight is balanced by the friction between the ball and
wall which is dependent on the normal reaction F = uR. If the velocity is too slow
the normal force will be small which means the friction will not be large enough to
support the weight.

Car on a circular track

When a car travels around a circular track the centripetal force is provided by the
friction between the tyres and the road. The faster you go, the more friction you

need. The problem is that friction has a maximum value given by F = uR, so if the
centripetal force required is greater than this the car will not be able to maintain a
circular path. Without friction, for example on an icy road, the car would travel in a
straight line. This means that you would hit the kerb on the outside of the circle, giving



the impression that you've been thrown outwards. This is of course not the case since

there is no force acting outwards.

Bicycle on a banked track

A banked track is a track which is angled

to make it possible to go faster around the
bends; these are used in indoor cycle racing.
In the case shown in Figure 4.12 where the
bike is represented by a ball, the centripetal
force is provided by the horizontal
component of the normal reaction force,

so even without friction the ball can travel
around the track. If the track was angled the
other way then it would have the opposite
effect. This is called an adverse camber;
bends like this should be taken slowly.

v

\
W [\

Exercises

2 Calculate the centripetal force for a 1000 kg car travelling around a circular track of radius 50 m at

30kmh".

3 A 200g ballis made to travel in a circle of radius 1 m on the end of a string. If the maximum force that
the string can withstand before breaking is SON, what is the maximum speed of the ball?

4  Arollercoaster is designed with a 5m radius vertical loop. Calculate the minimum speed necessary to

get around the loop without falling down.

5 A200g ball moves in a vertical circle on the end of a 50cm long string. If its speed at the bottom is

10ms! calculate:

(a) the velocity at the top of the circle.
(b) the tension at the top of the circle.

Figure 4.11 A car rounding
a bend.

A racing cyclist on a banked
track in a velodrome.

Remember when solving
circular motion problems,
centripetal force is not an
extra force - it is one of
the existing forces. Your
task is to find which force
(or a component of it)
points towards the centre.

Figure 4.12 A ballon a
banked track.

CHALLENGE
YOURSELF

1 Acar of mass 1000kg is
driving around a circular
track with radius 50 m. If
the coefficient of friction
between the tyres and
road is 0.8, calculate the
maximum speed of the car
before it starts to slip. What
would the maximum speed
be if the track was banked
at45°?



Circular motion' and gravitation

Gravitational field and orbits

C 6.2 Gravitational field and orbits
Understandings, applications, and skills:

Newton'’s law of gravitation

® Describing the relationship between gravitational force and centripetal force.

® Applying Newton's law of gravitation to the motion of an object in circular orbit around a point
mass.

Newton's universal law
of gravitation suggests a
very simple relationship
between the mass of

a body and the force
between it and every
other particle of mass in
the Universe. However,
it does not explain

why matter behaves in
this way.

Guidance
e Newtons law of gravitation should be extended to spherical masses of uniform density by assuming
that their mass is concentrated at their centre.
Gravitational field strength
e Solving problems involving gravitational force, gravitational field strength, orbital speed, and orbital
period.

To help us understand the ® Determining the resultant gravitational field strength due to two bodies.

way a gravitational field

varies throughout space Gu:dapcg _ - . . .
- : e Gravitational field strength at a point is the force per unit mass experienced by a small point mass at
we will use the visual s i

models of field lines and

potential surfaces e Calculations of the resultant gravitational field strength due to two bodies will be restricted to points

along the straight line joining the bodies.

Gravitational force and field

"""""""""""""""" %::} We have all seen how an object falls to the ground when released. Newton was
certainly not the first person to realize that an apple falls to the ground when dropped
from a tree. However, he did recognize that the force that pulls the apple to the ground

é is the same as the force that holds the Earth in its orbit around the Sun; this was not
l obvious — after all, the apple moves in a straight line and the Earth moves in a circle. In
this chapter we will see how these forces are connected.

Figure 4.13 The apple drops Newton’s universal law of gravitation
and the Sun seems to move

in a circle, but it is gravity that Newton extended his ideas further to say that every single particle of mass in the

makes both things happen. Universe exerts a force on every other particle of mass. In other words, everything in
the Universe is attracted to everything else. So there is a force between the end of your
Was it reasonable for nose and a lump of rock on the Moon.

Newton to think that his

law applied to the whole Newton's universal law of gravitation states that:

Uni ? . . . .

niverse every single point mass attracts every other point mass with a

force that is directly proportional to the product of their masses

and inversely proportional to the square of their separation.
Figure 4.14 The gravitational F F If two point masses with mass m; and m,

force F between two point Om] ’ m02 are separated by a distance r then the force,
masses. . . .
< r >  F experienced by each will be given by:
m,m
Foc T2
’
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The constant of proportionality is the
universal gravitational constant G.

We often look at the
applications of physics
with an international
perspective but perhaps
we should adopt a
universal perspective.

G=6.6742 x 10" m?’kg's7?

Therefore the equation is

- oy
F=G =
The modern equivalent of the
apparatus used by Cavendish
to measure G in 1798.
Spheres of mass m

By working out the total force between every particle of one sphere and every

particle of another, Newton deduced that spheres of mass follow the same

law, where the separation is the separation between their centres. Every object Foom
has a centre of mass where the gravity can be taken to act. In regularly shaped ‘_@
bodies, this is the centre of the object.

How fast does the apple drop?

If we apply Newton's universal law to the apple on the surface of the Earth, we

find that it will experience a force given by Figure 4.15 Forces between

two spheres. Even though
mm,

= these bodies don't have th
F GT ese bodies don't have the
same mass, the force on them
where: m; = mass of the Earth = 5.97 x 10**kg is the same size. This is due to
m, = mass of the apple = 250g Newton’s third law - if mass

m exerts a force on mass m,
then m, will exert an equal
So F=243N and opposite force on m;.

r = radius of the Earth = 6378 km (at the Equator)

From Newton'’s 2nd law we know that F = ma.

. 243
So the acceleration (a) of the apple = 5z ms

a=9.79ms™2

This is very close to the average value for the acceleration of free fall on the Earth’s
surface. It is not exactly the same, since 9.82ms™ is an average for the whole Earth, the
radius of the Earth being maximum at the Equator.

Exercise

6 The mass of the Moon is 7.35 x 10%?kg and the radius 1.74 x 10*km.

What is the acceleration due to gravity on the Moon's surface?
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Field strength on the
Earth’s surface:

Substituting

M = mass of the Earth
=5.97 x 10%*kg

r =radius of the Earth

=6367 km
gives
GmM
g ==
=9.82Nkg’

This is the same as the
acceleration due to
gravity, which is what
you might expect, since
Newton’s 2nd law says

=F
a=..

T e

g
Figure 4.16 The region
surrounding M is a

gravitational field since all the
test masses experience a force.
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Gravitational field

The fact that both the apple and the Earth experience a force without being in contact
makes gravity a bit different from the other forces we have come across. To model
this situation, we introduce the idea of a field. A field is simply a region of space

where something is to be found. A potato field, for example, is a region where you
find potatoes. A gravitational field is a region where you find gravity. More precisely,
gravitational field is defined as a region of space where a mass experiences a force
because of its mass.

So there is a gravitational field in your classroom since masses experience a force in it.

Gravitational field strength (g)

This gives a measure of how much force a body will experience in the field. It is defined
as the force per unit mass experienced by a small point mass placed in the field.

So if a test mass, m, experiences a force F at some point in space, then the field strength,
g, at that point is given by g = %

gis measured in Nkg™, and is a vector quantity.

Note: The reason a small test mass is used is because a big mass might change the field
that you are trying to measure.

Gravitational field around a spherical object

The force experienced by the mass, m is given by;

poghm

' F

So the field strength at this point in space, g =~
M
So §=Gx

Exercises

7 The mass of Jupiter is 1.89 x 10?”kg and the radius 71492 km.
What is the gravitational field strength on the surface of Jupiter?

8 What is the gravitational field strength at a distance of 1000 km from the surface of the Earth?

Field lines

Field lines are drawn in the direction that a mass would
accelerate if placed in the field — they are used to help us
visualize the field.

The field lines for a spherical mass are shown in Figure
4.17.

The arrows give the direction of the field.

The field strength (g) is given by the density of the lines.

Figure 4.17 Field lines for a
sphere of mass.



Gravitational field close to the Earth

When we are doing experiments close to the Earth, in the classroom for example, we
assume that the gravitational field is uniform. This means that wherever you put a
mass in the classroom it is always pulled downwards with the same force. We say that
the field is uniform.

Figure 4.18 Close to the Earth
the field is uniform.

Addition of field

Since field strength is a vector, when we add field strengths caused by several bodies, in different places on the

Earth. Do you know what
it is where you live?
g
N
X

@ @ Figure 4.19 Vector addition

of field strength.

The value of g is different

we must remember to add them vectorially.

In this example, the angle between the vectors is 90°. This means that we can use

Pythagoras to find the resultant.
g=Jg’ g’

Worked example
Calculate the gravitational field strength at points A and B in Figure 4.20.

B A
(] 1000kg () @

«~— 1m—>«—25m ——><«—25m —> Figure 4.20.

Solution

The gravitational field strength at A is equal to the sum of the fields due to the two

masses. : . .
G x 1000 Since field strength g is a
Field strength due to large mass = =55 =1.07 x 10°Nkg™! vector, the resultant field
: strength equals the vector
G x 100 ——

Field strength due to small mass = —5=5—=1.07 x 10 Nkg™

Field strength =1.07 x 108 -1.07 x 10~
=9.63x10Nkg!

Exercises
9 Calculate the gravitational field strength at point B.

10 Calculate the gravitational field strength at A if the big mass were changed for a 100 kg mass.

So lines of equipotential that are close together represent a strong field.

135



136

Circular motion' and gravitation

The solar system

The solar system consists of the Sun at the centre surrounded by eight orbiting planets.
The shape of the orbits is actually slightly elliptical but to make things simpler, we will
assume them to be circular. We know that for a body to travel in a circle, there must

be an unbalanced force (called the centripetal force, mw?r) acting towards the centre.
The force that holds the planets in orbit around the Sun is the gravitational force G):fm.
Equating these two expressions gives us an equation for orbital motion.

GMm
me’r=—3 1)

Now v is the angular speed of the planet; that is, the angle swept out by a radius per
unit time. If the time taken for one revolution (2x radians) is T then @ = 2%

Substituting into equation (1) gives

(2_1;)2 _ GMm
mi= r="7

Rearraming aive. T_4m
earranging gives: 5 OM

where M is the mass of the Sun.
So for planets orbiting the Sun,
T? . .

7 isa constant, or T2 is

proportional to 3. /
This is Kepler’s third law. ;

From this we can deduce that 1 GMm
the planet closest to the Sun r2
(Mercury) has a shorter time
period than the planet : ’
turthest away. This is

supported by measurement:

Time period of Mercury = 0.24 years. T e

Time period of Neptune = 165 years.
Figure 4.21 The Earth orbiting the Sun.

If you have a satellite TV receiver you may have noticed that the dish always points in
the same direction. This is because the satellite it is pointing to is always at the same
point above the Earth. This type of satellite is said to be geostationary. To achieve a
geostationary orbit it must have the same time period and axis of rotation as the Earth.
All TV satellites are positioned above the Equator with a time period of 1 day. We can
calculate the orbital radius of these satellites using the equation:

T _4n
B~ GM
GMT? _ 6.67 x 10711 x 5,97 x 10%* (24 x 60 x 60)?
3 _ — - 22
p=i - — =253x10
r=4.2x10"m

But the radius R; of the Earth is 6400 km so the satellites have a radius of 6.6 R;.



The satellites used for GPS have a much lower orbit of about 18 000km above the
Earth. This means a radius of orbit of 24 400 km. The time period of these satellites can
also be found using the equation:

T _4n?
B~ GM
2.3 2 7\3
. A x (2.44 x 107) 144 % 10°

T GM T 6.67 x 1011 x 597 x 1024
T=13.8x10*s =10.5 hours.

Exercise

11 Use a database of planetary information to make a table of the values of time period and radius for all
the planets. Plot a graph to show that T2 is proportional to r?.

Earth satellites

The equations we have derived for the orbits of the planets also apply to the satellites
that man has put into orbits around the Earth. This means that the satellites closer to
the Earth have a time period much shorter than the distant ones. For example, a low-
orbit spy satellite could orbit the Earth once every two hours and a much higher TV
satellite orbits only once a day.

i
|
i

Exercise

12 A spy satellite orbits 400 km above the Earth. If the radius of the Earth is 6400 km, what is the time
period of the orbit?

I

It is strange how everyone
can describe the motion
of the planets as viewed
from a long way outside
the solar system but few
can describe the motion
as seen from the Earth.

The lowest satellites orbit
the Earth at a height of
around 150km. However,
they are not entirely

out of the atmosphere
so need the occasional
boost of power to keep
them travelling fast
enough or they would
move to an even lower
orbit. These satellites are
mainly used for spying.

TV satellites are
geostationary so must

be placed about 6 Earth
radii from the Earth. With
the thousands of TV
channels available you
might expect there to be
thousands of satellites but
there are only about 300.

A low-orbit spy satellite.

The orbits of spy satellites
are set so that they pass
over places of interest.
Which countries have
most spy satellites passing
overhead?
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Practice questions

1. This question is about the kinematics and dynamics of circular motion.

(a) A car goes round a curve in a road at constant speed. Explain why, although its speed is
constant, it is accelerating. (2)

In Figure 4.22, a marble (small
glass sphere) rolls down a track,
the bottom part of which has
been bent into a loop. The end
A of the track, from which the
marble is released, is at a height

0.80m

of 0.80 m above the ground. Point 0.35m
B is the lowest point and point C 1
the highest point of the loop. The
diameter of the loop is 0.35m. ground 5
Figure 4.22.
The mass of the marble is 0.050kg. Friction forces and any gain in kinetic energy due to the
rotating of the marble can be ignored. The acceleration due to gravity, g = 10ms=2.
Consider the marble when it is at point C.
(b) (i) Copy Figure 4.22 and on the diagram, draw an arrow to show the direction of the
resultant force acting on the marble. (1)
(ii) State the names of the two forces acting on the marble. (2)
(iiii) Deduce that the speed of the marble is 3.0ms". (3)

(iv) Determine the resultant force acting on the marble and hence determine the reaction
force of the track on the marble. (4)

(Total 12 marks)
2. This question is about friction.
(a) Define what is meant by coefficient of friction. (1)

Figure 4.23 shows a particular ride at a
funfair (sometimes called ‘the fly’) that
involves a spinning circular room. When
it is spinning fast enough a person in the
room feels ‘stuck” to the wall. The floor is
lowered and they remain held in place on
the wall. Friction prevents the person from falling. Figure 4.23.

radius = 6.0m

(b) (i) Explain whether the friction acting on the person is static, dynamic, or a combination
of both. (2)

Figure 4.24 shows a cross-section of the ride when the floor has been lowered.

Figure 4.24
(ii) Copy Figure 4.24 and, on your diagram, draw labelled arrows to represent the forces
acting on the person. (3)
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(c) Using the data given below:

mass of person = 80 kg
coefficient of friction between the person and the wall = 0.40
radius of circular room = 6.0 m

calculate each of the following.

(i) The magnitude of the minimum resultant horizontal force on the person. (2)

(ii) The minimum speed of the wall for a person to be ‘stuck’ to it. (2)

(Total 10 marks)
3. This question is about a probe in orbit.

m
>t
A probe of mass m is in a circular orbit of =7 TS~

radius r around a spherical planet of mass M. ’

(a) State why the work done by the / M \
gravitational force during one full
revolution of the probe is zero. (1)

. : : \ planet
(b) Deduce for the probe in orbit that its N /,/ o ——

speed is v = /@ 2) . - o scale)
(Total 3 marks) Figure 4.25.

4. This question is about circular motion.
A ball of mass 0.25kg is attached to a string and is made
to rotate with constant speed v along a horizontal circle of
radius r = 0.33 m. The string is attached to the ceiling and
makes an angle of 30° with the vertical.

(a) (i) Copy Figure 4.26, draw and label arrows
to represent the forces on the ball in
the position shown. (2)

(i) State and explain whether the ball is
in equilibrium. )

Figure 4.26.

(b) Determine the speed of rotation of the ball. (3)
(Total 7 marks)
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Essential ideas

Oscillations

A study of oscillations underpins many areas of physics with
simple harmonic motion (SHM), a fundamental oscillation that
appears in various natural phenomena.

Travelling waves

There are many forms of waves available to be studied. A
common characteristic of all travelling waves is that they carry
energy, but generally the medium through which they travel will
not be permanently disturbed.

Wave characteristics

All waves can be described by the same sets of mathematical
ideas. Detailed knowledge of one area leads to the possibility of
prediction in another.

Wave behaviour
Waves interact with media and each other in a number of ways
that can be unexpected and useful.

Standing waves
When travelling waves meet they can superpose to form standing
waves in which energy may not be transferred.

An oscillating body does not move in a circle but the mathematical model representing
one component of circular motion is the same as that which describes a simple
oscillation. In physics it is quite common that the same model can be used in different
applications. As the mathematics becomes more complicated it becomes more difficult
to relate the equations to the motion; this is where computer simulations and visual
representations help our understanding.

Oscillations

4.1 Oscillations

Understandings, applications, and skills:

Simple harmonic oscillations
® Qualitatively describing the energy changes taking place during one cycle of an oscillation.
Guidance
® Graphs describing simple harmonic motion should include displacement-time, velocity-time,
acceleration-time, and acceleration-displacement.
Time period, frequency, amplitude, displacement, and phase difference
e Sketching and interpreting graphs of simple harmonic motion examples.
Conditions for simple harmonic motion
Guidance
e Students are expected to understand the significance of the negative sign in the relationship a o< —x

Waves change direction due
to changing depth of the
water. The change in wave
speed can also cause the wave
to break resulting in the white
foam visible in the photo.
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A swing is an example of
oscillatory motion.

Figure 5.1 A swinging
pendulum.

Figure 5.2 Pendulum with
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small displacement.

Oscillations and vve}ve_s

The simple pendulum

A simple pendulum consists of a small mass, called a bob, hanging on an inextensible
(non-stretchy) string. If left alone the mass will hang at rest so that the string is vertical
but if pushed to one side it will oscillate about its equilibrium position. The reason that
the pendulum oscillates is because there is always a force acting towards the centre as
shown in Figure 5.1.

N D

The forces drawn are the tension and weight; these forces add to give a resultant

that is always directed towards the equilibrium position. Furthermore, the size of

the resultant (blue arrow) gets bigger as the distance from the equilibrium position
increases. Notice how the tension gets less as the pendulum swings up towards the
horizontal position, and is greatest when it swings through the bottom. At the bottom
of the swing the tension will actually be greater than the weight, causing the bob to
move in a circle. Due to the changing angles, this motion is rather difficult to analyse.
To make this simpler we will consider only very small displacements.

Simple harmonic motion

If the swings are kept small then force becomes directly proportional to the
displacement from equilibrium. Consider the small angle shown in Figure 5.2.

Since the angle is very small we can make some approximations.

1. The displacement is horizontal (in reality the bob moves slightly up).

2. The force acting towards the equilibrium position is the horizontal component of
the tension, T sin 6 (in reality it is the resultant of the weight and the tension).

3. The weight is approximately the same as the tension (in reality the
tension is greatest at the bottom of the swing) T = mg so the restoring
force =T sin 6 =mg sin 6.

Since the motion has been reduced to a one-dimensional problem we can write
F = -mg sin O to take into account the direction of this force.

Looking at the triangle made by the string and the equilibrium position we can see that

ng=x
sin =7
SO F= —r—nfﬁ
Substituting for F = ma from Newton’s second law gives ma = —migl
=&
“TTL



So we can deduce that for this motion the acceleration is directly proportional to the
displacement from a fixed point and always directed towards that point. This kind of
motion is called simple harmonic motion.

SHM and the sine function

By observing the motion of the pendulum we can already see that as the bob swings
back and forth its displacement will be described by a sine curve. In other words, the
displacement of the bob is sinusoidal. Let us analyse the motion represented by the sine
curve in Figure 5.3.

&
o}
r_g_ T T T T ;
2 1 2\5_/1 5 6 tis

Os At the start the displacement is zero and the velocity is maximum and positive
(this can be deduced from the gradient). The pendulum bob is swinging through
the centre moving to the right.

1s The displacement is maximum and positive and the velocity has reduced to zero.
The pendulum bob is at the top of its swing to the right.

2s The displacement is zero again and the velocity maximum and negative. The
pendulum bob is swinging through the centre travelling to the left.

3s The displacement is maximum and the velocity is zero.

4s Back to the start again.

Terms and quantities

Before going any further we shall define the terms and quantities used to describe
oscillatory motion with reference to the pendulum in Figure 5.4 swinging backwards
and forwards between A and B.

Cycle
One complete ‘there and back’ swing, from A to B and back to A.

Amplitude (x,)
The maximum displacement from the equilibrium position, the swing of the
pendulum is symmetric so this could be the distance OA or OB.

The unit of amplitude is the metre.

Time period (T)
The time taken for one complete cycle from A to B and back to A.

The unit of time period is the second.

Figure 5.3 Sinusoidal motion.

0 B

Xo

Figure 5.4 A swinging
pendulum.
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Because the time taken
for a pendulum to
complete one cycle

is always the same

even if the amplitude

of the swing changes,
pendulums used to be
extensively used in clock
mechanisms. Today,
pendulums are not used
so often but many clocks
still use some sort of
mechanical oscillation.

Figure 5.6.
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Frequency ( f)
The number of complete cycles per second.

fo1

The unit of frequency is the hertz.

Angular frequency (o)
This is the angular equivalent to frequency.

o =2nf

The unit of angular frequency is radian/second (rad s™!) so the equation for SHM can be

written x = x, sin @t.

Mass on a spring

If a mass hanging on the end of a spring

is lifted up and released, it will bounce up
and down as in Figure 5.5. The forces

acting on the mass are weight and the
tension in the spring. The weight is always
the same but the tension depends on how far
the spring is stretched. (When you stretch a
spring, the tension is proportional to the
extension.)

At A, the spring is short, so the tension will be small;
the weight will therefore be bigger than the tension, so
the resultant force will be downwards.

As the mass passes through the middle point, the
forces will be balanced.

At B, the spring is stretched, so the tension is large; the
tension will therefore be greater than the weight, so
the resultant force will be upwards.

Figure 5.5 The tension increases
as the spring is stretched. The
resultant (orange) increases with
increased distance from the
centre and is always directed
towards the centre.

Again we can see that the acceleration is proportional to the displacement from the

central point and always directed towards it.

So this motion is also simple harmonic.

Exercises

a)
harmonic motion.

1 State whether the following are examples of simple

(a) Aball rolling up and down on a track (Figure 5.6).
(b) A cylindrical tube floating in water when pushed down
and released (Figure 5.6).

(d) A bouncing ball.

(a) the frequency?

b)

(c) Atennis ball bouncing back and forth across the net.

2 A pendulum completes 20 swings in 12s. What is

(b) the angular frequency?



Graphical representation of SHM

When representing the motion of bodies in Chapter 2 we drew displacement—time,
velocity—time, and acceleration—time graphs. Let us now do the same for the motion of
amass on a spring.

Displacement-time

As before, O is the equilibrium position and we will take this to be our position of zero
displacement. Above this is positive displacement and below is negative.

At A, the mass has maximum positive displacement from O.
At O, the mass has zero displacement from O.
At B, the mass has maximum negative displacement from O.

We can see that the shape of this displacement—time graph is a cosine curve.

displacement/cm

2
?
Xo
0 ¢ 0
o\ 2 /040 me/s 4
Xo
2 ¢ B

Figure 5.7 Displacement-
time graph.

The equation of this line is x = x, cos wt,
where x, is the maximum displacement and o is the angular frequency.

Velocity-time
From the gradient of the displacement—time graph (Figure 5.7), we can calculate the
velocity.

velocity

B A B/ time

Figure 5.8 \Velocity-time
B graph.
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Figure 5.9 Acceleration-time
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graph.

Oscillations and waves

At A, gradient = 0 so velocity is zero.
At O, gradient is negative and maximum, so velocity is down and maximum.
At B, gradient = 0 so velocity is zero.

The equation of this line is v = —v, sin ot where v, is the maximum velocity.

Acceleration-time

From the gradient of the velocity—time graph (Figure 5.8) we can calculate the
acceleration.

At A, the gradient is maximum and negative so acceleration is maximum and
downwards.

At O, the gradient is zero so acceleration is zero.

At B, the gradient is maximum and positive so the acceleration is maximum and
upwards.

acceleration &

Janvan N |

A A +a |

The equation of this line is a = —a, cos ot where a,is this maximum acceleration.
So x = x, cos wt and a = —g, cos wt

When displacement increases, acceleration increases proportionally but in a negative
sense; in other words: a e —x

We have confirmed that the acceleration of the body is directly proportional to the
displacement of the body and always directed towards a fixed point.

It can be shown that the constant of proportionality is actually @? so if a body executes
simple harmonic motion we can say that

a=-w*x

So, for the example of a mass on a spring we can see that if the spring constant is k then
the restoring force when extended by a displacement x will be F = —kx. If a mass m were

attached to this spring its acceleration would equal % = % so we could say thata = —(%)x.
The constant of proportionality in this case = % so we can deduce that @? = (%)

Exercises

3 Amass of 50g is hung from a spring causing an extension of 5cm. The mass is displaced further and
allowed to oscillate. Calculate:

(a) the spring constant

(b) the angular frequency

(c) the time period

(d) the time period if the 50g mass is replaced by a 100g mass.



4 Asshown previously, the acceleration of a pendulum bob is given by the equation a = % where L is
the length of the pendulum.
(a) Write an expression for the angular frequency of a pendulum.
(b) Calculate the angular frequency of a pendulum of length 30.cm.
(c) Calculate the time period of the pendulum.

Energy associated with simple harmonic motion (SHM)

Let us consider the energy changes of a simple pendulum as in Figure 5.10. Before

the pendulum is made to swing the bob will be hanging motionless on the end of the
string (position O). Since it is not moving it has no KE but if it is above the ground it
will have some PE. To simplify the situation let’s take this point to have zero PE. To
start the pendulum swinging it is now pushed towards the left. Work is done as the
pendulum bob is lifted, so at the top (position A) it will have PE. When released the
bob accelerates towards the right as PE is converted to KE. As it passes through the
centre the PE will be zero as the speed reaches its maximum value. From the centre
the bob will slow down as it travels towards B as its KE is converted back into PE. As
the pendulum swings back and forth the potential and kinetic energies are continually

interchanging.
A © B
0 —>
At rest — no energy Work done — gains PE Swings down  Passes centre Back at the top Figure 5.10 The energy
PE — KE PE=0 PE Max changes of a simple
KE Max KE=0 pendulum.

Graphical representation
Figure 5.11 represents the change of KE as a pendulum bob completes one cycle.

S
(%)
5]
g
N
B 0 A
Figure 5.11 The change of KE
A 0 B 0 A as a pendulum bob completes
time one cycle.

The shape of the curve is a sin? curve which is because KE = +mv? and the velocity is
varying sinusoidally. You may think that this is 2 cycles but the KE is maximum each
time the bob passes through the centre, which is twice each cycle.
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Figure 5.12 The change of PE
as a pendulum bob completes
one cycle.

Figure 5.13 The changes of
total energy as the sum of KE
and PE as a pendulum bob
completes one cycle.

Total energy

If no energy is lost then
the total energy is a
constant value. When
the bob is swinging,
the energy continually
changes between
kinetic and potential.
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If we draw the PE for the same motion then it would start from maximum going to
zero in the middle as shown in Figure 5.12.

potential energy

A 0 B 0 A
time

The total energy of the pendulum is equal to the sum of KE + PE. This can be found by
adding the curves as in Figure 5.13.

total energy

AVAYAY
VY

energy

N
AAVAY

time

A

This gives a constant value which is what we would expect since energy is conserved.

Exercises

5 Aball of mass 50g is attached to the spring shown in Figure 5.14.
The spring is such that it obeys Hooke’s law when stretched and when
squashed, so the mass will oscillate with SHM if displaced and released.

The ball is moved 2 cm to the left and held there by a force of 50 N.
Calculate:

(a) the spring constant Figure 5.14.
(b) the work done moving the ball

(c) the PE stored in the spring

(d) the KE of the ball as it passes the original position (after being released)

(e) the maximum velocity of the ball.

6 A500g pendulum bob is held as shown in Figure 5.15. Calculate:

(a) the PE of the bob

(b) the maximum velocity of the bob after release. Figure 5.15.
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Experimental investigation of the relationship between time period and length of a
pendulum

By considering the forces on a pendulum it can be shown that the time period T is given by

L
T=2m|>

so if we measure the time period for different lengths of pendulum we should find that T2 is .
proportional to L. This means that a graph of T2 vs L would be a straight line with gradient = 47".

Measuring time period

The typical length of pendulum used in the lab has a time period of about 1s so measuring
one swing with a stop watch would be quite difficult. It is much better to time 10 swings then
divide the time by 10 to give the time period. Alternatively the pendulum could be made to
swing through a photogate and a computer used to record the time period (see Figure 5.17).
The computer records every time the bob passes in and out of the photogate but if you set the
software to ‘pendulum timing' then it will record the time between the first time the bob enters
the gate, and the third time; this will be the time period.

Raak

Figure 5.17 Pendulum and photogate.

Phase

If we take two identical pendulum bobs, displace each bob to the right and release
them at the same time, then each will have the same displacement at the same time.
We say the oscillations are in phase. If one is pulled to the left and the other to the right,
then they are out of phase (see Figure 5.18).

in phase out of phase

«— < —_—s <

This can be represented graphically:

displacement /\ A

time  Aand B represent
motions that are

/\ B in phase.

time

(

B and C represent
motions that are
out of phase.

D (

\_/ time

Figure 5.16.

Figure 5.18 The pendulum
bobs are in phase when they
swing together.

CHALLENGE
YOURSELF

1 A12cm long, narrow

cylinder floats vertically in
a bucket of water so that
2cm is above the surface.
It is then made to oscillate
by pressing the end
underwater. Calculate the
time period of the motion.

Figure 5.19 Displacement-
time graphs for bodies in and
out of phase.
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To learn more about
oscillations, go to the
hotlinks site, search for
the title or ISBN and click
on Chapter 5.

180

- Oscillations and waitves._

Phase difference

The phase difference is represented by an
angle (usually in radians). We can see from
graphs B and C in Figure 5.19 that if two
oscillations are completely out of phase then
the graphs are displaced by an angle n. We say
the phase difference is .

When juggling balls they go up and down at
different times - they are out of phase.

Waves and wave behaviour

4.2 Travelling waves
Understandings, applications, and skills:

Travelling waves

Wavelength, frequency, period, and wave speed

® Solving problems involving wave speed, frequency, and wavelength.
Guidance
o Students will be expected to derive c = fA.

Transverse and longitudinal waves

@ Explaining the motion of particles of a medium when a wave passes through it for both transverse
and longitudinal cases.

e Sketching and interpreting displacement-distance graphs and displacement-time graphs for
transverse and longitudinal waves.

4.3 \Wave characteristics

Understandings, applications, and skills:

Amplitude and intensity

@ Solving problems involving amplitude and intensity.

Superposition

® Sketching and interpreting the superposition of pulses and waves.

o Students will be expected to calculate the resultant of two waves or pulses both graphically and
algebraically.
Guidance
o Students will be expected to calculate the resultant of two waves or pulses both graphically and

algebraically.
Polarization
@ Describing methods of polarization.



4.5 Standing waves

Understandings, applications, and skills:

The nature of standing waves
@ Describing the nature and formation of standing waves in terms of superposition.
e Distinguishing between standing and travelling waves.

Guidance
o Students will be expected to consider the formation of standing waves from the superposition of no
more than two waves.

Boundary conditions
e Sketching and interpreting standing wave patterns in strings.

Guidance
® Boundary conditions for strings are: two fixed boundaries; fixed and free boundary; two free
boundaries.

Nodes and antinodes
@ Solving problems involving the frequency of a harmonic, length of the standing wave, and the
speed of the wave.

Guidance
@ The lowest frequency mode of a standing wave is known as the first harmonic.
® The terms fundamental and overtone will not be used.

The word wave was originally used to describe the way that a water surface behaves
when it is disturbed. We use the same model to explain sound, light, and many other
physical phenomena. This is because they have some similar properties to water
waves, so let’s first examine the way water waves spread out.

If a stone is thrown into a pool of water, it disturbs the surface. The disturbance spreads
out or propagates across the surface, and this disturbance is called a wave. Observing
water waves, we can see that they have certain basic properties (in other words, they do
certain things).

Reflection

If a water wave hits a wall, the waves reflect.

Refraction

When sea waves approach a beach, they change direction because of the difference in
height of different parts of the sea floor. This causes the waves to bend.

Interference

When two waves cross each other,
they can add together creating an
extra big wave.

Diffraction

When water waves pass through a
small opening, the waves spread out.

Anything that reflects, refracts,

NATURE OF SCIENCE

Complex models are
often built of simple units.
The complex motion of

a wave becomes simple
when we realize that each
part is simply moving
back and forth like a row
of slightly out-of-step
simple pendulums. In

this chapter you will be
learning about waves in
strings and springs, water
waves, sound waves,

and electromagnetic
waves; all completely
different things but with
similar characteristics.
When scientists started
modelling the motion

of ocean waves they
probably had no idea
their work would one day
be applied to light.

interferes, and diffracts can also be
called a wave.

Waves change direction as
they approach a beach.
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When a water wave

enters a region of shallow
water (near a beach) the
velocity becomes less,
resulting in a shorter
wavelength. If the change
in depth is rapid the top
of the wave moves faster
than the bottom causing
it to be thrown over.

This forms the tube that
surfers like to get into.

Figure 5.20 Energy

transferred along the string.

Figure 5.21 A pulse moves
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from left to right.

Transfer of energy

Waves in the ocean are caused by winds that disturb the surface of the water. A big
storm in the Atlantic Ocean can cause waves that break on the beaches of the west
coast of Europe and Africa, and the east coast of the Americas. The storm gives the
water energy which is then spread out in the form of water waves. So a wave is the
transfer of energy through the disturbance of some medium.

Although the water wave is the ‘original’ wave it is not the simplest one to begin with
so to help understand how waves propagate we will first consider two examples of
one-dimensional waves, a wave in a string and a wave in a slinky spring.

Wave pulse in a string

If you take one end of a very long string and give it a flick (move it up and down once
quickly) then you will see disturbance moving along the string: this is called a wave
pulse. In lifting up the string and flicking it down you have given the string energy;
this energy is now being transferred along the string at a constant speed. This speed is
called the wave speed.

To understand how the energy is transferred consider the case where the rope is just
lifted as shown in Figure 5.20. Here the string is represented by a line of balls each
joined to the next by an invisible string. When the end was lifted the first ball lifted the
next one which lifted the next etc. transferring energy from left to right.

v

If the end is moved up then down then a pulse is sent along the string as in Figure 5.21.

The particles at the front are moving up, and the ones at the back are moving down. As
the pulse moves along the string each part of the string has the same motion, up then
down, but they don’t all do it at the same time; they are out of phase (Figure 5.21). It is like a
wave going around a stadium; the crowd all stand up then sit down at different times.

Reflection of a wave pulse

If the pulse meets a fixed end (e.g. a wall), it exerts an upward force on the wall. The
wall being pushed up then pushes back down on the string sending an inverted
reflected pulse back along the string (Figure 5.22).



Figure 5.22 A wave pulse
reflected off a fixed end.

If the end of the string is loose then you also get a reflection but this time it is reflected
without phase change (Figure 5.23). It is just as if there is a hand at the end moving like
the one that made the original pulse.

An upward pulse is called
a peak (or crest) and a
downward pulse is called
a trough.

Figure 5.23 A wave pulse
reflected off a free end.

A reflected wave is not only produced when the wave meets an end but whenever there
is a change in the medium. If two different strings are joined together there will be a
reflection at the boundary between the strings. In this case not all the wave is reflected;
some is transmitted. If the second string is heavier then the reflected wave is inverted
asitis off a fixed end (Figure 5.22), but if the second string is lighter then the wave is
reflected as if off a free end (Figure 5.23).

Superposition of wave pulses

If two wave pulses are sent along a string from each end they will coincide in the
middle. When this happens the displacements of each pulse add vectorially. This
results in two peaks adding but a trough and a peak cancelling out (Figure 5.24).

Figure 5.24 Wave pulses
superpose.

%

Note that when the waves cancel it appears that the energy has disappeared but if this
was an animation you would see the particles are actually moving up and down so the
particles have kinetic energy.
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Amplitude (A)
The maximum

displacement of

the string from the
equilibrium position.
Wave speed (v)

The distance travelled
by the wave profile per
unit time.

Wavelength (1)
The distance between
two consecutive crests

or any two consecutive
points that are in phase.

Frequency (f)

The number of
complete cycles that
pass a point per unit
time.

Period (T)

Time taken for one

complete wave to pass
afixed point (T = ).

Figure 5.26 One complete
cycle.

Figure 5.27 The quantities
used to define a wave.

104

Continuous wave in a string (transverse wave)

If the end ball on the string is moved up and down with simple harmonic motion then,
a short time later, the next ball along the string will also move up and down with the
same motion. This motion is passed along the string until all the parts of the string are
moving with SHM, each with the same amplitude and frequency but different phase. In
Figure 5.25 the wave is moving from left to right as a result of the end being disturbed.
The blue ball is just about to move downwards, it is % ofacycle (%Tt) out of phase with

the end ball.

disturbance N
direction of wave

Figure 5.25 Forming a continuous wave.

We can see that after the end has completed one cycle the front of the wave will be in
phase with the original oscillation. The distance to this point depends on the speed of
the wave and is called the wavelength, A (Figure 5.26).

1 wavelength

trough —— —

Relationship between v, f, and A4

If you observe a continuous wave moving along a string from a position at rest relative
to the string then you will notice that the time between one passing peak and the next
is T, the time period. In this time the wave profile has progressed a distance equal to the

wavelength, 4. The velocity of the wave = distance travelled = A by T = L 5o
time taken T f
v=fa



Worked example Q Change amto m
The A string of a guitar vibrates at 110 Hz. If the wavelength is 153 cm, what is the

velocity of the wave in the string?

Solution

v=12

f=110Hzand 2 =1.53m

y=110x1.53ms!
=168.3ms!

Worked example

A wave in the ocean has a period of 10s and a wavelength of 200 m. What is the wave

speed?
Solution
T=10s
f= %Hz
=0.1Hz

v=f2
y=0.1 x200ms™"
=20ms!

Exercises

7 Calculate the wave velocity of a tsunami with time period 30 min and wavelength 500 km.
8 Two strings are joined together as shown in Figure 5.28. S
(a) If the wave velocity in the thin string is twice its 0.4m
velocity in the thick string calculate the wavelength 3 2

of the wave when it gets into the thick string.
(b) When the wave meets the knot, part of it will be

reflected. Explain whether the reflected wave will A wave in which the
be inverted or not. direction of disturbance
(c) Why is the amplitude of the wave in the thick string i » is perpendicular to the
smaller than in the thin string? igure 5.28. direction of the transfer
9 The end of a string is moved up and down with time period 0.5s. If the wavelength of the wave is of energy is called a
0.6 m what is the velocity of the wave? transverse wave.
Polarization
The end of a string doesn’t have to be moved up and T

down; it can be move from side to side or at any other
angle. However, if it is moved in only one plane the

wave is said to be polarized. To make a wave in a string
polarized it can be passed through a narrow slit as in
Figure 5.29.If a second slit is now placed on the string it
will only pass through unaffected if the slit is in the same
orientation. If the second slit is at a 90° angle to the first
the wave will not pass at all.

Figure 5.29 A wave in a
string can be polarized by a
narrow slit.
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Figure 5.30 A snapshot of a
transverse wave.

Because the horizontal
axis is time, the separation
of the peaks represents
the time period, not the
wavelength.

The event that will
happen next is to the
right on the graph but the
part of the wave that will
arrive next is to the left on
the wave.

Figure 5.33 The
displacement-position graph
for all points at one time.
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- Oscillations and wave

Graphical representation of a transverse wave

There are two ways we can represent a
_
/\ /\ wave graphically, either by drawing a
B 4. . .
§ X displacement—time graph for one point on
the wave, or a displacement—position graph
A for each point along the wave.

Displacement-time
Consider points A and B on the transverse wave in Figure 5.30.

Point A is moving up and down with SHM as the wave passes. At present, it is at its
maximum negative displacement. As the wave progresses past A, this point will move
up and then down (Figure 5.31).

We can also draw a graph for point B (Figure 5.32). This point starts with zero
displacement then goes up.

3

»
>
g

displacement

displacement

<« >

time \/ time

Figure 5.31 The displacement-time graph Figure 5.32 The displacement-time graph
for point A. for point B.

«— time period —>

Displacement-position

To draw a displacement—position graph, we must measure the displacements of all the
points on the wave at one moment in time.

Figure 5.33 shows the graph at the same time as the snapshot in Figure 5.30 was taken.
The position is measured from point O.

/\amplitTudeA
\/ | ‘

displacement A

positioﬁ

< 2 >

This is just like a snapshot of the wave — however, depending on the scale of the axis, it
might not look quite like the wave.



Standing waves in strings

Consider two identical waves travelling along a string

in opposite directions as shown in Figure 5.34(a). As

the waves progress they cross over each other and

will superpose. In Figure 5.34(b) the waves have each
progressed Al‘l, and are out of phase so they cancel out. The
blue line shows the resultant wave. After a further %)L the
waves will be in phase as shown in Figure 5.34(c). Notice
that even though the waves are adding, the displacement
of the midpoint remains zero. Figures 5.34(a) to (e) show
the waves in %’)L steps illustrating how they alternately add
and cancel in such a way that the midpoint never moves:
this is called a node. Either side of the midpoint the waves
sometimes add to give a peak and sometimes a trough:
these points are called antinodes. Figure 5.34(f) shows the
two extreme positions of the resultant wave. Notice that
the nodes are separated by a distance %/l.

Differences between progressive waves
and standing waves

The most obvious difference between a wave that travels
along the rope and the standing wave is that the wave
profile of a standing wave doesn’t progress and nor does
the energy associated with it. Secondly, all points in
between two nodes on a standing wave are in phase (think
of the skipping rope) whereas points on a progressive wave
that are closer than one wavelength are all out of phase
(think of a Mexican wave). The third difference is related
to the amplitude. All points on a progressive wave have
the same amplitude, but on a standing wave some points
have zero amplitude (nodes) and some points have large
amplitude (antinodes).

Stringed instruments

antinode

node

Many musical instruments (guitar, violin, piano) use stretched strings to produce

sound waves. When a guitar string is plucked, a wave travels along the string to one
of the fixed ends. When it gets to the end, it reflects back along the string superposing
with the original wave; the result is a standing wave. The important thing to realize
about the standing wave in a stretched string is that since the ends cannot move, they
must become nodes, so only standing waves with nodes at the ends can be produced.
Figure 5.36 shows some of the possible standing waves that can be formed in a string

of length L.

Figure 5.34.

Figure 5.35 A wave profile

is created when a row of

pendulums are released at
different times showing how
a wave is made of a series of
oscillations of different phase.

—

The two ends of the skipping

rope are the nodes.
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Figure 5.36 Standing waves

in astring. b L

A\

Wave speed

The speed of a wave in
a string is given by the
formula
_ [T

V=T
where T = tension and
U= mass per unit length.
This is why a thick guitar
string is a lower note than
a thin one and why the

note gets higher when
you increase the tension.

Sound produced by
the guitar

Here we are focusing on
the vibrating string. The
string will cause the body
of the guitar to vibrate
which in turn causes the
pressure of the air to vary.
It is the pressure changes
in the air that cause the
sound wave that we hear.

Figure 5.37 Frequency
spectrum for a string.
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1st harmonic

A=L
frequency = f;

2nd harmonic

A=l
frequency = 2,

3rd harmonic

_2
=3
frequency = 3f,

As shown in the diagram, each of the possible waves is called a harmonic. The first
harmonic (sometimes called the fundamental) is the wave with the lowest possible
frequency. To calculate the frequency, we can use the formula f = so for the first
harmonic:

v
fizar
For the second harmonic:
v
f,= i

The wave velocity is the same for all harmonics, so we can deduce that f, = 2f;

Playing the guitar

When the guitar string is plucked, it doesn’t just vibrate with one frequency but with
many frequencies. However the only ones that can create standing waves are the ones
with nodes at the ends (as shown in Figure 5.36). You can try this with a length of rope;
get a friend to hold one end and shake the other. When you shake the end at certain
specific frequencies you get a standing wave, but if the frequency isn’t right, you don't.
This is an example of resonance; hit the right frequency and the amplitude is big. So
when the guitar string is plucked, all the possible standing waves are produced. If the
signal from an electric guitar pickup is fed into a computer, the frequencies can be
analysed to get a frequency spectrum. Figure 5.37 shows an example.

1.0
0.91
0.8+
0.71
0.6
0.51
0.4
0.3
0.21

0.1

O T T T AIA’MAAA LJI\ T 1
0 100 200 300 400 500 600 700 800
frequency/Hz

relative amplitude

You can see from this graph that the string is vibrating at 100 Hz, 200 Hz, 300 Hz, and
so on. However, the largest amplitude note is the first harmonic (100 Hz) so this is the
frequency of the note you hear.



Playing different notes

A guitar has six strings. Each string is the same length but has a different
diameter and therefore different mass per unit length. The wave in the
thicker strings is slower than in the thin strings so, since f =7, the thick
strings will be lower notes.

To play different notes on one string, the string can be shortened by placing
a finger on one of the frets on the neck of the guitar. Since f= 7 the shorter
string will be a higher note.

An alternative way to play a higher note is to play a harmonic; this is done
by placing a finger on the node of a harmonic (e.g. in the middle for the
second harmonic) then plucking the string. Immediately after the string is
plucked, the finger is removed to allow the string to vibrate freely.

Exercises

10 The mass per unit length of a guitar string is 1.2 x 102 kgm™". If the tension in the wire is 40N,

(a) calculate the velocity of the wave.
(b) calculate the frequency of the first harmonic if the vibrating length of the guitar string is 63.5cm.

11 A 30cm long string of mass per unit length 1.2 x 10~ kgm™" is tensioned so that its first harmonic is
500 Hz. Calculate the tension of a second string with half the mass per unit length but the same length
that has the same first harmonic.

12 The first harmonic of a Tm long stretched string is 650 Hz. What will its first harmonic be if its length is
shortened to 80cm keeping the tension constant?

Waves in a slinky spring (longitudinal waves)

rarefaction compression
DN

AN
< A »
|

Reflection

When the wave in a reflected wave
spring meets a fixed end

the spring will push the

wall so according to

Newton’s third law the

wall will push back. This

sends a reflected wave -
back along the spring (Figure 5.39).

Graphical representation of longitudinal waves

To get a better understanding of a longitudinal wave let us consider a row of balls
connected by springs as in Figure 5.40.

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 5.38 The difference
between a compression wave
in a spring and the transverse
wave in a string is the direction
of disturbance.

When a compression
wave travels along a slinky
spring the disturbance is
parallel to the direction
of energy transfer. This
type of wave is called a
longitudinal wave. Since
longitudinal waves only
have one direction of
disturbance, they cannot
be polarized.

Figure 5.39 A wave in a
spring is reflected off a wall.

Figure 5.40.
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Figure 5.41 Showing the
displaced positions of parts of
a wave.

Figure 5.42.

When looking at a wave
travelling to the right

you must remember

that the balls to the

right are lagging behind
those to the left so if we
want to know what the
displacement of ball 13
will be next we look at the
ball to the left. We can
therefore deduce that ball
13 is moving to the left.
When looking at a graph,
time progresses from left
to right so you can see
what will happen next by
looking to the right.

Figure 5.43.

To learn more about
waves and wave
behaviour, go to the
hotlinks site, search for
the title or ISBN and click
on Chapter 5.
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Oscillations and waves.

If ball 1 on the left is pulled to the left then the spring connecting it to ball 2 will be
stretched causing ball 2 to move. In this way the displacement is passed from one ball
to the next. If the ball is moved with SHM then a continuous wave is sent along the
line. Each ball will move with the same frequency but a slightly different phase. The
distance between two balls in phase is the wavelength; this is the same as the distance
between two compressions. In Figure 5.41 it can be seen that balls 1 and 13 at the two
ends are both at the same point in the cycle, at the equilibrium position moving left, so
the distance between them is one wavelength.

JUNONNT TG0, o OGO o L e T e e e e T mmn‘nm’ o J 0 i

The amplitude of the wave is the maximum displacement from the equilibrium
position; this is marked by the letter A in Figure 5.42.

Displacement-time graph
A displacement—time graph shows how the displacement of one point varies with time.

ball 7
ball 1 a T

displacement
>

displacement
>

»

time timg

Figure 5.42 shows two graphs for two different points. Ball 1 is about to move to the
left so its displacement will become negative; ball 7 is about to move to the right so its
displacement will become positive.

Displacement-position graph

A displacement—position graph represents the position of all the balls at one time. If
the motion of the balls is sinusoidal then the shape of the graph will be a sine curve as
shown in Figure 5.43.

LGNNI MODD % JUCTGOUNIAL 4 AT o S e e e e mnmm’ o J0 I o 20

position

displacement
>

In Figure 5.43 you can see how balls 1, 7, and 13 have zero displacement, ball 4 has

maximum positive displacement, and ball 10 has maximum negative displacement.



Two-dimensional waves (water
waves)

4.3 Wave characteristics
Understandings, applications, and skills:

Wavefronts and rays
® Sketching and interpreting diagrams involving wavefronts and rays.

4.4 \Wave behaviour

Understandings, applications, and skills:

Reflection and refraction

® Sketching and interpreting incident, reflected, and transmitted waves at boundaries between
media.

@ Solving problems involving reflection at a plane interface.

Snell's law

® Solving problems involving Snell’s law.

Diffraction through a single-slit and around objects

@ Qualitatively describing the diffraction pattern formed when plane waves are incident normally on
a single-slit.
Guidance
e Students should have the opportunity to observe diffraction and interference patterns arising from

more than one type of wave.

Double-slit interference
® Quantitatively describing double-slit interference intensity patterns.

Guidance
o Students will not be expected to derive the double-slit equation.

Path difference

If a stone is thrown into a pond then a pulse will be seen to spread out across the
surface in two dimensions: energy has been transferred from the stone to the surface
of the water. If the surface is disturbed continuously by an oscillating object (or the
wind) a continuous wave will be formed whose profile is that of a sine wave. Viewed
from directly above the wave spreads out in circles. The circles that we see are actually
the peaks and troughs of the wave; we call these lines wavefronts. A wavefront is any
line joining points that are in phase. Wavefronts are perpendicular to the direction of
energy transfer, which can be represented by an arrow called a ray.

Ripples spreading out in circles
after the surface is disturbed.
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wavefront

ray

Figure 5.44 A circular
wavefront spreading out from
a point.

ray v wavefront

Figure 5.45 Parallel plane
wavefronts.

Figure 5.46 Huygens'
construction used to find the
new position of plane and
circular wavefronts.

Figure 5.47.
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Oscillations and waves.
¥

Point sources produce circular wavefronts but if the source is far away the waves will
appear plane.

A plane wavefront moves towards the beach.

Wave propagation (Huygens’ construction)

We can think of a wavefront as being made up of an infinite number of new centres

of disturbance. Each disturbance creates its own wavelet that progresses in the
direction of the wave. The wavefront is made up of the sum of all these wavelets.
Figure 5.46 shows how both circular and plane wavefronts propagate according to this
construction.

NATURE OF SCIENCE

The Huygens construction treats a wavefront as if it is made of an infinite number of
small point sources that only propagate forwards. Huygens gave no explanation for

the fact that propagation is only forwards but the model correctly predicts the laws of
reflection and Snell's law of refraction. Snell's law was the result of many experiments
measuring the angles of light rays passing from one medium to another; the result gives
the path with the shortest time, a result that is in agreement with Einstein's theory of
relativity. There can be more than one theory to explain a phenomenon but they must
give consistent predictions.

Reflection of water waves

When a wavefront hits a barrier the barrier now behaves as a series of wavelet sources
sending wavelets in the opposite direction. In this way, a circular wavefront is reflected
as a circular wavefront that appears to originate from a point behind the barrier as in
Figure 5.47.

~ et
barrier «— _—
e N
barrier becomes source of disturbance wavelets add to give reflected wavefront



A plane wavefront reflects as a plane wave making the same angle to the barrier as the
incident wave, as shown in Figure 5.48.

barrier if : zj

barrier becomes source of disturbance wavelets add to give reflected wavefront

Refraction of water waves

Refraction is the change of direction when a wave passes from one medium to another.
In the case of water waves it is difficult to change the medium but we can change the
depth. This changes the speed of the wave and causes it to change direction. This can
again be explained using the Huygens construction as shown in Figure 5.49, where the
wave is passing into shallower water where it travels more slowly. On Figure 5.49 the
horizontal displacement of the ball is plotted on the vertical axis. Displacement to the

right is positive and to the left negative.

barrier becomes
source of
disturbance

incident wave

refracted wave

wavelets add to give reflected wavefront

The frequency of the wave doesn’t change when the wave slows down so
the wavelength must be shorter (v = f1). Note that although not drawn in
Figure 5.50, when a wave meets a boundary such as this it will be reflected
as well as refracted.

Snell’s law

Snell’s law relates the angles of incidence and refraction to the ratio of
the velocity of the wave in the different media. The ratio of the sine of the
angle of incidence to the sine of the angle of refraction is equal to the ratio
of the velocities of the wave in the different media.

sini _v;

sinr v,

Note that the angles are measured to the normal, not to the boundary.

velocity v

/angle of incidence

angle of refraction

velocity v,

Figure 5.48.

Figure 5.49 As the wave-
front crosses the boundary it
progresses as if made of a line
of wavelets. These wavelets
travel more slowly in the
shallow water resulting in a
change of direction.

Figure 5.50.
deep
incident
wave
refracted
wave

shallow

Figure 5.51 Angles of
incidence and refraction.
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Water waves diffracting
through two different sized
openings. The waves are
diffracted more through the
narrower opening.

Figure 5.53 If the opening is
a bit bigger then the effect is
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not so great.

Figure 5.54 Diffraction
around obstacles.

Oscillations and UEVES

Worked example

A water wave travelling at 20ms™' enters
a shallow region where its velocity

is 15ms! (Figure 5.52). If the angle

of incidence of the water wave to the
shallow region is 50°, what is the angle of
refraction?

Figure 5.52.
Solution
sini _v; _ 20
sinr v, 15
. sin 50° . ,
o) sinr=—333-=0.576 Applying Snell’s law
r=35.2°

Exercises

13 A water wave with wavelength 30cm travelling with velocity 0.5ms™ meets the straight boundary to a
shallower region at an angle of incidence 30°. If the velocity in the shallow region is 0.4 ms™, calculate:

(a) the frequency of the wave.
(b) the wavelength of the wave in the shallow region.
(c) the angle of refraction.

14 A water wave travelling in a shallow region at a velocity of 0.3 ms™" meets the straight boundary to a
deep region at angle of incidence 20°. If the velocity in the deep region is 0.5ms™ calculate the angle
of refraction.

Diffraction of water waves

Diffraction takes place when a wave passes through a small opening. If the opening is
very small, then the wave behaves just like a point source as shown in Figure 5.53.

Using Huygens’ construction we can explain why this happens. In the case of the very
narrow slit the wavefront is reduced to one wavelet which propagates as a circle.

Waves are also diffracted by objects and edges as shown in Figure 5.54. Notice how the
wave seems to pass round the very small object.

\/
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Interference of water waves

If two disturbances are made in a pool of water two different waves will be formed.
When these waves meet, the individual displacements will add vectorially. This is
called superposition. If the frequency of the individual waves is equal then the resulting
amplitude will be constant and related to the phase difference between the two waves.

constructive
interference

two in-phase waves add
to give a wave of twice
the amplitude

When two identical point sources produce
waves on the surface of a pool of water

a pattern like the one in Figure 5.56 is
produced.

In Figure 5.56 we can see that there are
regions where the waves are adding together
(X) and regions where they cancel out (Y). If
we look carefully at the waves arriving at X
and Y from A and B we see that at X they are
in phase and Y they are out of phase (Figure

5.57). This is because the waves have travelled

the same distance to get to X but the wave
from A has travelled %)L extrato getto Y.

A
X
B
A
B
Y

destructive
interference

two out-of-phase
waves cancel Figure 5.55.

Path difference and phase difference

We can see from the previous example that a path difference of %A introduces a phase

Figure 5.56 Ripple tank, a
screenshot from
www.paulfalstad.com.

Figure 5.57 Path difference
leads to phase difference.

2nd

difference of = so if the path difference is d then the phase difference, 6 = =73%.
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To learn more about
two-dimensional waves
(water waves), go to the
hotlinks site, search for
the title or ISBN and click
on Chapter 5.

166

Worked example
Two boys playing in a pool make
identical waves that travel towards

S
each other. The boys are 10 m apart
and the waves have a wavelength T

2 m. Their little sister is swimming
from one boy to the other. When she Figure 5.58 A diagram always helps, no
is 4m from the first boy, will she be matierhowWisImPpIeits:

in a big wave or a small wave?

Solution

The waves from the boys will interfere when they meet. If the girl is 4m from the first
boy, then she must be 6 m from the other. This is a path difference of 2m, one whole
wavelength. The waves are therefore in phase and will add.

Exercise

15 Two wave sources A and B produce waves of wavelength 2cm. What is the phase angle between the
waves at:

(a) a point C distance 6cm from A and 6.2cm from B?
(b) a point D distance 8cm from A and 7 cm from B?
(c) apoint E distance 10cm from A and 11.5cm from B?

Sound waves

4.2 Travelling waves

Understandings, applications, and skills:

The nature of sound waves
e |nvestigating the speed of sound experimentally.

4.5 Standing waves
Understandings, applications, and skills:

The nature of standing waves in pipes
e Sketching and interpreting standing wave patterns in pipes.

Guidance
e fFor standing waves in air, explanations will not be required in terms of pressure nodes and pressure
antinodes.
Boundary conditions
@ Boundary conditions for pipes are: two closed boundaries; closed and open boundary; two open
boundaries
Nodes and antinodes

Guidance

e The lowest frequency mode of a standing wave is known as the first harmonic.The terms fundamental
and overtone will not be used.

e Solving problems involving the frequency of a harmonic, length of the standing wave, and the speed
of the wave.



NATURE OF SCIENCE

The speed of sound is approximately 340ms™' so it proved quite difficult for early
scientists to measure this accurately. The first methods assumed that light was
instantaneous and measured the time difference between the light and sound arriving
from an event such as a gunshot (you may have noticed this during a thunderstorm).
An alternative approach is to use standing waves in pipes but with today’s technology
it is possible to get quite an accurate value by simply measuring the time taken for a
sound to travel between two microphones on your computer.

Properties of sound waves

When a body moves through air it compresses the air in front of it. This air then
expands, compressing the next layer of air and passing the disturbance from one layer
of air to the next (see Figure 5.59). If the body oscillates then a continuous wave is
propagated through the air. This is called a sound wave.

compression rarefaction

. o o %% . 0
o SRR AT
.
o" :‘. F] .o‘:.:%:..:‘ L .
. tce 3G, . 00
o .. 8
"",. . e 0 ..“; o ..
-
oo PR L Th Y . :
. NERIRENR
) L] L

A sound wave is a propagation of changing pressure. This causes layers of gas to oscillate,
but remember, the individual molecules of the gas are moving with random motion.
Since the disturbance is in the same direction as the transfer of energy, sound is a
longitudinal wave.

Reflection of sound

If you shout in front of a cliff, the sound reflects back as an echo. In fact any wall is a
good reflector of sound, so when speaking in a room, the sound is reflected off all the
surfaces This is why your voice sounds different in a room and outside.

Refraction of sound

When sound passes from warm air into cold air, it
refracts. This is why sounds carry well on a still night.

The sound travels to the listener by two paths, one >
direct and one by refraction through the layers of air @
(Figure 5.60). This results in an extra loud sound. listener

Diffraction of sound

A sound wave of frequency 600 Hz has a wavelength of about 0.5 m so will diffract
when it passes through similarly sized openings like, for example, a door. However,
the effect is often hidden because sound also reflects off the walls of the room causing
it to travel in different directions. To do experiments on sound waves you really need a
room with no reflections.

Pitch is related to the

frequency of the sound: a
high pitch note has a high
frequency.

Amplitude is related to
the loudness of a sound:
a loud sound has large
amplitude.

Velocity of a sound
wave travelling through
air at 20°C and normal
atmospheric pressure

is 340ms™". At higher
temperatures the velocity
will be greater since the
molecules move faster.

Figure 5.59 A sound wave
moves along a pipe.

Figure 5.60 Sound refracts
through layers of air.
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Figure 5.61 The microphone
picks up sound owing to

diffraction. 167



A room with no echo is
called an anechoic chamber,
and these rooms are used
for experimenting with
sound waves.

Sound waves

[ﬂ cancel. T
B
i &
Sound waves
add.

Figure 5.62 Owing to
interference, the sound is loud
at A but quiet at B.

Noise-cancelling
headphones use
interference to cancel
external sounds enabling
you to hear music more
clearly. They work by
recording the noise from
the outside, electronically
changing its phase by

7, and then interfering

it destructively with the
original sound.

In these diagrams
the sound waves
are represented by
displacement-position
graphs. These make
the sound look like
a transverse wave
but remember the
displacement is in
the direction of the
disturbance.

Figure 5.63 Standing waves
in a closed pipe.

Figure 5.64 Remember this
is one quarter of a wave.

It can be useful to split the
harmonics into quarters when
determining the frequency.
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Interference of sound

If sound behaves like other waves then it should be possible to interfere two sounds

to get silence. This is not often observed since the two sources of sound must have

the same frequency, similar amplitude, and a constant phase relationship. If you have

a computer with stereo sound you can try playing a constant frequency sound from
both speakers. If you move around the room with a finger in one ear, you might be able
to hear regions that are loud and quiet due to the interference of the two sound waves
(Figure 5.62). This also works much better in an anechoic chamber.

Standing waves in closed pipes

When a sound wave travels along a closed pipe, it will reflect off the closed end. The
reflected wave and original wave then superpose to give a standing wave. A sound
wave is a propagation of disturbance in air pressure. The change in air pressure causes
the air to move backwards and forwards in the direction of the propagation. If the end
of the pipe is closed, then the air cannot move back and forth so a node must be
formed. This limits the possible standing waves to the ones shown in Figure 5.63.

< L >

1st harmonic A=4l
node | frequency =f,

3rd harmonic

antinode

5th harmonic / frequency = 5f;

These diagrams show how the displacement of the air
varies along the length of the pipe, but remember, the
displacement is actually along the pipe not perpendicular
to it as shown. The frequency of each harmonic can be
calculated using f=7.




For the first harmonic:

1.04
.
fl = E 0.9-
For the next harmonic: 081
v 3y ] 0.77
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so this is the third 2 4
harmonic. i
= 034
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So when a standing wave is formed in a closed pipe, 0.19 A
1 1 1 0 T T T kl T — T T 1
only odd harmonics are forr.ned., resulting in the 5 0 0 300 200 S0 oo o0 a0
frequency spectrum shown in Figure 5.65. frequency/Hz
Standing waves in open pipes Figure 5.65 Fequency
If a wave is sent along an open-ended pipe, a wave is also reflected. The resulting spectrum for a closed pipe.

superposition of reflected and original waves again leads to the formation of a standing
wave. This time there will be an antinode at both ends, leading to the possible waves
shown in Figure 5.66.

This time all the harmonics are formed.

« L >
. A=2L
1st harmonic frequency =1,
Figure 5.66 Standing waves
in an open pipe.
. )L: L
2nd harmonic frequency = 2f,
2
3rd harmonic A=3l

frequency = 3f

In a clarinet, the reed is made
to vibrate.

Wind instruments

All wind instruments (e.g. flute, clarinet, trumpet, and church organ) make use of
the standing waves set up in pipes. The main difference between the different
instruments is the way that the air is made to vibrate. In a clarinet a thin piece
of wood (a reed) is made to vibrate, in a trumpet the lips vibrate and in a
flute, air is made to vibrate, as it is blown over a sharp edge. Different notes
are played by opening and closing holes; this has the effect of changing
the length of the pipe. You can also play higher notes by blowing
harder; this causes the higher harmonics to sound louder,
resulting in a higher frequency note. If you have ever played the
recorder, you might have had problems with this — if you blow too
hard you get a high-pitched noise that doesn’t sound so good.
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- Oscillations and waves

Measuring the speed
of sound by sampling
the sound from a pipe

A worksheet with full
details of how to carry
out this experiment is
available in your eBook.

Exercises

The speed of sound in air is 340ms™".
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Figure 5.68 A drinking straw
whistle.

Figure 5.69 Screenshot from
Audacity® showing sampled
sound.

=

Calculate the first harmonic produced when a standing wave is formed in a

closed pipe of length 50 cm.

The air in a closed pipe in Figure 5.67 is made to vibrate by holding a tuning

fork of frequency 256 Hz over its open end. As the length of the pipe is

increased, loud notes are heard as the standing wave in the pipe resonates

with the tuning fork.

(a) What is the shortest length that will cause a loud note?

(b) If the pipe is 1.5m long, how many loud notes will you hear as the
plunger is withdrawn?

Figure 5.67.

Measuring the speed of sound

The speed of sound can be measured by sampling the sound made by a simple drinking straw
whistle with your computer. In this example Audacity®, free open source software, was used.
The drinking straw is turned into a whistle by cutting a notch close to one end. When blown,
the noise is not very loud (more of a rush of air than a whistle) but it is enough to analyse.

L
. )
The whistle was blown into the microphone of the computer and the sound recorded using

Audacity® (Figure 5.69). The frequency spectrum was then analysed to find the harmonics of
the sound (Figure 5.70).

X | Audio Track ¥
Stereo, 44100Hz
32-bit float

Mute | Solo

By measuring the sound from pipes
of different lengths it is possible to
plot a graph of f vs % This should be
a straight line with gradient = velocity
of sound.
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Figure 5.70 The frequency
spectrum from Audacity®.
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Light waves

4.2 Travelling waves

Understandings, applications, and skills:
The nature of electromagnetic waves

Guidance
o Students should be aware of the order of magnitude of the wavelength ranges for radio, microwave,
infrared, visible, ultraviolet, X-rays, and gamma rays.

4.3 Wave characteristics

Understandings, applications, and skills:
Amplitude and intensity
@ Solving problems involving amplitude and intensity.

Guidance
o Students will be expected to calculate the resultant of two waves or pulses both graphically and
algebraically.

Polarization
@ Solving problems involving Malus’ law.

Guidance
® Methods of polarization will be restricted to the use of polarizing filters and reflection from a non-
metallic plane surface.

4.4 \Wave behaviour

Understandings, applications, and skills:

Reflection and refraction (light)

® Sketching and interpreting incident, reflected, and transmitted waves at boundaries between
media.

® Solving problems involving reflection at a plane interface.

Snell’s law, critical angle, and total internal reflection (light)

@ Solving problems involving Snell's law, critical angle, and total internal reflection.

® Determining refractive index experimentally.

Guidance
® Quantitative descriptions of refractive index are limited to light rays passing between two or more
transparent media. If more than two media, only parallel interfaces will be considered.

The electromagnetic spectrum

Light is an electromagnetic wave, which means that it is a propagation of disturbance in
an electric and magnetic field (more about this in the next chapter). Electromagnetic
(em) waves are classified according to their wavelength as represented by the spectrum
shown in Figure 5.71. Unlike the other waves studied so far, em waves do not need to
have a medium to propagate through.

Some light facts

In this chapter we are particularly interested in visible light, which has wavelengths
between 400 and 800 nm. Different wavelengths of visible light have different colours.

NATURE OF SCIENCE

The first time thin film
interference was observed
in the laboratory was
when Joseph Fraunhofer
saw colours appearing
whilst alcohol evaporated
from a sheet of glass.
Sometimes luck plays a
part in scientific discovery
but if Fraunhofer hadn't
realized that the colours
were interesting the
discover