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This is a legal agreement between the you, (the “Customer”) and
Cengage Learning Australia Pty Limited (ABN 14 058 280 149)

(the “Licensor”) which provides the terms and conditions of this
non-exclusive licence and the limited warranty for the Product. Use
of the Product indicates an acknowledgement that the Customer
has read and agreed to be bound by the terms and conditions of

this Agreement. If you do not agree to these terms and conditions,

return the Product to the place of purchase within 15 days of the
date of purchase (with proof of purchase) for a full refund

1.

Licence Grant

You do not receive title to the Product. Copyright in the
Product (which includes all images, photographs, video,
animations, audio, music and text incorporated in the Product,
including all of the accompanying printed material) is owned by
the Licensor and/or its suppliers and is protected by Australian
copyright laws. The Licensor grants you a non-exclusive licence
to use the Product subject to the restrictions and terms set out
in this Agreement.

A Licence allows you to:

Use the Product on your computer. The Customer represents
that they shall in no way place the Product in the public domain
or in any way compromise our copyright in the Material. You
agree to take reasonable steps to protect our copyright.

You may not:
Alter, modify, translate, reverse engineer, decompile, or adapt
the software or create derivative works based on the Product.

Make further copies by any means technological, electronic,
digital whatsoever without the written permission of the
Licensor.

Rent or transfer all or any part of your rights under this
Agreement. Remove or alter any copyright or other proprietary
notice or label attached to the software.

. Termination

Any failure to comply with the terms and conditions of this
agreement will result in the automatic termination of this
licence. Upon termination of this licence for any reason, the
Customer must destroy or return to the Licensor all copies of
the software and accompanying documentation.

EIE TS

To the extent permitted by law, the Licensor’s liability for any
breach of the warranty or any term implied by law into this
licence is limited to the lowest cost of replacing the goods,
acquiring equivalent goods or having the goods repaired.



This is a legal agreement between the you, (the “Customer”) and
Cengage Learning Australia Pty Limited (ABN 14 058 280 149)

(the “Licensor”) which provides the terms and conditions of this
non-exclusive licence and the limited warranty for the Product. Use
of the Product indicates an acknowledgement that the Customer
has read and agreed to be bound by the terms and conditions of

this Agreement. If you do not agree to these terms and conditions,

return the Product to the place of purchase within 15 days of the
date of purchase (with proof of purchase) for a full refund

1.

Licence Grant

You do not receive title to the Product. Copyright in the
Product (which includes all images, photographs, video,
animations, audio, music and text incorporated in the Product,
including all of the accompanying printed material) is owned by
the Licensor and/or its suppliers and is protected by Australian
copyright laws. The Licensor grants you a non-exclusive licence
to use the Product subject to the restrictions and terms set out
in this Agreement.

A Licence allows you to:

Use the Product on your computer. The Customer represents
that they shall in no way place the Product in the public domain
or in any way compromise our copyright in the Material. You
agree to take reasonable steps to protect our copyright.

You may not:
Alter, modify, translate, reverse engineer, decompile, or adapt
the software or create derivative works based on the Product.

Make further copies by any means technological, electronic,
digital whatsoever without the written permission of the
Licensor.

Rent or transfer all or any part of your rights under this
Agreement. Remove or alter any copyright or other proprietary
notice or label attached to the software.

. Termination

Any failure to comply with the terms and conditions of this
agreement will result in the automatic termination of this
licence. Upon termination of this licence for any reason, the
Customer must destroy or return to the Licensor all copies of
the software and accompanying documentation.

EIE TS

To the extent permitted by law, the Licensor’s liability for any
breach of the warranty or any term implied by law into this
licence is limited to the lowest cost of replacing the goods,
acquiring equivalent goods or having the goods repaired.



NELSON
PHYSICS

UNITS 3 &4

FOR THE AUSTRALIAN CURRICULUM




*% NELSON

CENGAGE Learning’

Nelson Physics Units 3 & 4 for the Australian Curriculum
1st Edition

Neil Champion

Robert Farr

Kate Wilson

Publishing editor: Eleanor Gregory
Senior editor: Kelly Robinson

Editor: Marta Veroni

Proofreader: Sarah Endacott

Indexer: Rod Andrew

Cover design: Claire Atteia

Text design: Claire Atteia

Art direction: Luana Keays

Cover image: Getty Images/Tetra Images
Permissions researcher: Helen Mammides
Production controller: Julie McArthur
Typeset by: MPS Limited

Any URLs contained in this publication were checked for currency during the production
process. Note, however, that the publisher cannot vouch for the ongoing currency of URLs.

ACARA Copyright Notice

All material identified b K@ is material subject to copyright under the CopynﬁhtAAct 1968
(Ct ) nd is owned by the Australian Curriculum, Assessment and Reporting AutRority 2015.

For all Australian Curriculum material except elaborations: This is an extract from the
Australian Curriculum.

Elaborations: This may be a modified extract from the Australian Curriculum and may include
the work of other authors.

Disclaimer: ACARA neither endorses nor verifies the accuracy of the information provided
and accepts no responsibility for incomplete or inaccurate information. In particular, ACARA
does not endorse or verify that:
« The content descriptions are solely for a particular year and subject;
« All the content descriptions for that year and subject have been

used; and
« The author’s material aligns with the Australian Curriculum content

descriptions for the relevant year and subject.

You can find the unaltered and most up to date version of this material at http://www.
australiancurriculum.edu.au. This material is reproduced with the permission of ACARA.

© 2015 Cengage Learning Australia Pty Limited

Copyright Notice

This Work is copyright. No part of this Work may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means without prior written permission of
the Publisher. Except as permitted under the Copyright Act 1968, for example any fair
dealing for the purposes of private study, research, criticism or review, subject to certain
limitations. These limitations include: Restricting the copying to a maximum of one
chapter or 10% of this book, whichever is greater; providing an appropriate notice and
warning with the copies of the Work disseminated; taking all reasonable steps to limit
access to these copies to people authorised to receive these copies; ensuring you hold the
appropriate Licences issued by the Copyright Agency Limited (“CAL"), supply a
remuneration notice to CAL and pay any required fees. For details of CAL licences and
remuneration notices please contact CAL at Level 15, 233 Castlereagh Street,

Sydney NSW 2000, Tel: (02) 9394 7600, Fax: (02) 9394 7601

Email: info@copyright.com.au

Website: www.copyright.com.au

For product information and technology assistance,
in Australia call 1300 790 853;
in New Zealand call 0800 449 725

For permission to use material from this text or product, please email
aust.permissions@cengage.com

National Library of Australia Cataloguing-in-Publication Data
Champion, Neil (Neil Douglas), author.

Nelson physics units 3 & 4 for the Australian curriculum /

Neil Champion, Robert Farr, Kate Wilson.

9780170242110 (paperback)
Includes index.
For secondary school age.

Physics--Textbooks.
Physics--Study and teaching (Secondary)
Physics--Problems, exercises, etc.

530

Cengage Learning Australia
Level 7, 80 Dorcas Street
South Melbourne, Victoria Australia 3205

Cengage Learning New Zealand
Unit 4B Rosedale Office Park
331 Rosedale Road, Albany, North Shore 0632, NZ

For learning solutions, visit cengage.com.au

Printed in China by China Translation & Printing Services.
12345671918171615




CONTENT

Preface

Author and reviewer feams
Using Nelson Physics
Curriculum grid

Unit 3: Gravity and
electromagnetism

Chapter 1: Motion in
one and two dimensions

Infroduction

Movement of free-falling bodies
in Earth’s gravitational field

The vector nature of
gravitational force

Projectile motion

Circular motion

Torque and rotation
Equilibrium

Chapter summary
Chapter glossary
Chapter review questions

Chapter 2: Gravity

Infroduction

Universal gravitation

Gravity and fields
Gravitational potential energy
Models of planetary motion
Chapter summary

9780170242110

Chapter glossary 69
Chapter review questions 69

Chapter 3: Electric fields 71

Infroduction 72
The electric field 72
Coulomb’s law 82

Energy fransfers and transformations
in electric fields 85

Chapter summary 91
Chapter glossary 92
Chapter review questions Q2

Chapter 4: Magnetic fields 95

Intfroduction 96
The magnetic field 96
Sources of magnetic fields

Chapter summary

Chapter glossary

Chapter review questions

Chapter 5:
Electromagnetism

Infroduction

Currents from fields:
electromagnetic induction

Applications of electromagnetism
Generators

Transformers

Electric motors

Electromagnetic waves

CONTENTS




Chapter summary 159
Chapter glossary 159
Chapter review questions 160

Unit 4: Revolutions in
modern physics 164

Chapter 6: Einstein’s
special relativity 165

Infroduction 166
The nature of light 166

Frames of reference
and relativity 169

The aether and problems with
classical relativity 175

Einstein’s theory of
special relativity 178

Einstein’s famous equation:
E = mc? 191

Mass defect in
nuclear physics 196

Chapter summary 199
Chapter glossary 200
Chapter review questions 200

Chapter 7: Quantum
theory and light 203

Infroduction 204
The nature of light 204
Black body radiation 208

Quantisation and the
photoelectric effect 215

Chapter summary

Tl 2 "3"-.‘,'«
1/ » 1y 4* o
l‘ ' ‘%}?.‘;. S

A s
LR R e T
w 'y & » - w v
Y J‘ 11:’.“.)9'}"‘ \:A o, & 3 abkrw

Chapter glossary
Chapter review questions

Chapter 8: Quantum
theory and matter

227

Infroduction

Atomic spectra

The Bohr model
Waves and particles

Modern quantum mechanics -

probability and uncertainty
Chapter summary

Chapter glossary

Chapter review questions

228
228
231
239

247
251
252
252

Chapter 9: Particle physics 255

Infroduction
Splitting the atom
Particle physics: continuing

the search for elementary particles

The search for order
Particle reactions

Predicting new reactions
using symmetry operations

Chapter summary
Chapter glossary
Chapter review questions

Chapter 10:
The Standard Model

256
256

261
266
269

274
280
280
281

283

Infroduction

Matter and the
Standard Model




Forces and the Collecting your data
Standard Model

The Standard Model
and cosmology 298

Analysing your data

Communicating
your results

Chapter summary 307 Chapter glossary

Chapter glossary 308
Chapter review questions 309 Appendices

Appendix 1: Advice for studying
Chapter 11: Measurement 311 Physics and reading

the textbook
Appendix 2: S| and non-SI units

Introduction 312
Philosophy and science 312
Units and standards 314

Making and reporting
measurements 316

Appendix 3: Some important
physical quantities

Appendix 4: Analysis of data

Appendix 5: Periodic table of

Managing uncertainty elements

in practice 319

Numerical answers
Chapter summary 325

Glossar
Chapter glossary 326 Y

Index

Chapter 12: Scientific
investigations 327

Introduction
Planning your investigation

9780170242110 CONTENTS V



PREFACE

Nelson Physics Units 3 & 4 for the Australian Curriculum has been written to meet the requirements of the
ACARA Australian Senior Secondary Curriculum - Physics. The text has been written to enable students to
meet the A level Achievement Standard. It also allows all students to maximise their learning and resulfs.

Physics deals with the wonderfully interesting and sometimes strange universe. Physicists investigate
space and time (and space-time), from the incredibly small to the incredibly large, from nuclear atoms
to the origin of the universe. They look at important, challenging and fun puzzles and try to work out
solutions.

Physicists deal with the physical world where energy is fransferred and transformed, where things
move, where electricity and magnetism affect each other, where light and matter interact. As a result,
physics has been responsible for about 95 per cent of the world’s wealth - electricity supply and
distribution, heating and cooling systems, computers, diagnostic and therapeutic health machines,
telecommunications, safe road transport.

But physicists are not just concerned with observing the universe. They explain these observations,
using models, laws and theories. Models are central to physics. Physicists use models to describe,
explain, relate and predict phenomena. Models can be expressed in a range of ways - via words,
images, mathematics (hnumerical, algebraic, geometric, graphical), or physical constructions. Models
help physicists to frame physical lows and theories, and these laws and theories are also models of the
world. Models are not static. As scientific understanding of concepts or physical data or phenomena
evolves, so oo do the models scientists use to describe, explain, relate and predict these. Thus, the fext
emphasises both the observations and quantitative data upon which physicists develop the models
they use to explain the data. Central to this is the rigorous use of mathematical representations as a key
element of physics explanations.

Nelson Physics Units 3 & 4 for the Australian Curriculum is written by academic and classroom
teaching experts. They were chosen for their comprehensive knowledge of the physics discipline
and best teaching practice in physics education at secondary and tertiary levels. They have written
the text to make it accessible, readable and appealing to students. They have included numerous,
current contexts o ensure students gain a wide perspective on the breadth and depth of physics. This
contextual, mathematically rigorous and methodological approach is designed to ensure students can
reach the highest possible standard. The intention has been to ensure all students achieve the level of
depth and interest necessary to pursue tertiary studies in physics, engineering, technology and other
scientific courses.

Each chapter follows a consistent pattern. Learning outcomes from the Science Understanding
strand appear on the opening page. Learning outcomes from the Science as a Human Endeavour and
Science Inquiry Skills strands are mapped on pages XlI-XlIl. The text is then broken info manageable
sections under headings and subheadings. Relevant diagrams support the text. New terms are bolded
and defined in a glossary at the end of the chapter and book. Important concepts are summarised in
boxes to assist students to take notes.

Worked examples, written to connect important ideas and solution strategies, are included
throughout the text. Solutions are written in full, including algebraic transformations, substitution of values
with units, and a proposed marking scheme. In order to consolidate learning, students are challenged
to try similar questions on their own.

Question sets appear at the end of logical sections. There is a comprehensive set of Review questions
at the end of each chapter. All question sets have been graded from lower to higher order thinking skills:
Remembering, Understanding, Applying, Analysing and Reflecting. Numerical answers appear at the
end of the book. Complete worked answers appear on the NelsonNet teacher website.

Experiments and Investigations demonstrate the high level of importance the authors attach to
understanding-by-doing physics. These activities infroduce, reinforce and enable students to practise
Science Inquiry skills, especially experimental design, data collection, analysis and conclusions. The
Scientific Investigations chapter consolidates important investigative concepts and values. It enables
students to learn and reflect on their experience as puzzle-solvers and investigators. It is an invaluable
tool for students undertaking the Extended experimental investigation (EEI).



Systéme Internationale (SlI) units and conventions, including accuracy, precision, uncertainty and
error are infroduced in the Measurement chapter. This invaluable tool supports student learning through
chapter questions, experiments and investigations as well as their EEI.

Case studies elucidate Examples in context, part of the Science as a Human Endeavour strand.
Scientific literacy activities ensure students develop the key Science Inquiry Skills capability of
comprehending and evaluating scientific claims and synthesising a response.

Nelson Physics Units 3 & 4 for the Australian Curriculum provides students with a comprehensive study
of modern physics that will fully prepare them for exams and any future studies in the area.

Neil Champion

Series editor

9780170242110 ’ PREFACE VII
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CHAPTER 8
QUANTUM
THEORY AND
MATTER
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-

Important
concept

WORKED
EXAMPLE

ACTIVITY
EXPERIMENT

INVESTIGATION

Risk assessment

Scientific literacy

USING NELSON PHYSICS

Nelson Physics Units 3 & 4 for the Australian Curriculum has been purposely crafted to
enable students to achieve maximum understanding and success in this subject. Each
page has been carefully considered to provide students with all the information that
they need without appearing cluttered or overwhelming. Students will find it easy to
navigate through each chapter and see connections between chapters. Practical work
has been infegrated within the text so the students can see the inferconnectedness
between the theoretical and practical aspects of physics.

Each chapter begins with a Chapter opener. This presents the content
descriptions from the Science Understanding strand of the senior Physics Australian
Curriculum that will be incorporated into the chapter.

The text has been authored and reviewed by experienced Physics educators,
academics and researchers fo enable students to achieve the maximum level of
achievement of which they are capable. A number of devices have been utilised
to improve literacy and understanding. One of these is the use of shorter sentences
and paragraphs. This is coupled with clear and concise explanations and real-world
examples. New terms are bolded as they are infroduced and appear in an end-of-
chapter as well as an end-of-book glossary.

Throughout the fext, important ideas, formulas and laws are summarised in the
Important concept box.

Mathematical representations and relationships are presented in context. Step-
by-step instructions on how to perform mathematical calculations are shown in the
Worked examples. The logic behind each step is explained and approximate marks
allocated so that students can see that they need to show their full working out.
Students are then able to practise these steps by attempting the related problems
presented at the end of the worked example.

Physics is a practical subject and students need fo be given the opportunity
to explore and discover through practical activities. These are presented in three
different types of boxes throughout the text.

The Activities provide the opportunity for short hands-on tasks to clarify or
reinforce a concept. The activities can be performed either individually or in groups.

The Experiments infroduce and reinforce the Science Inquiry Skills strand of the
Australian Curriculum. Experiments contain guided instruction on the materials,
procedure, collection and analysis of results and discussion.

The Investigations allow students to practice Science Inquiry Skills. They provide
students with the opportunity to design and carry out their own scientific investigation
either individually or in a group. Students are prompted to consider ideas for
improvement and further investigation tfo illustrate that science is an ongoing and
improving process. Further information on how to conduct a scientific investigation
can be found in the Scientific Investigations chapter on page 327.

The Risk assessment fable occurs within the experiment and investigation boxes.
The table highlights the risks to the students and provides suggestions on how to
minimise these risks. Teachers are able supplement this table by adding any further
risks specific to their school situation.

Many so called scientific claims are used to promote an issue, product or idea.
It is important that students are able o understand and analyse the information
presented to them so they can make well-informed choices. The Scientific literacy
boxes present scientific texts or media articles that enable students to use evidence
to evaluate the claims and conclusions presented. This allows them to use reasoning
and knowledge beyond the information presented to construct a valid scientific
argument.



Case studies provide students with the opportunity to see how science is applied
using an up-to-date and real-world example in confext.

Full understanding of a concept is often constructed from many pieces of
information. Due to the sequential nature of a book, this information cannot always
be presented fogether as it is best placed in other chapters. Links between concepts
that occur on other pages and chapters are indicated using Margin notes.

Review of student understanding is attained through the Question sets throughout

each chapter. Questions are ordered from lower to higher order thinking skills. The

addition of reflection questions gives students the opportunity to reflect upon not only

what they are learning but why they are learning it, and how they are learning it.
The end of chapter review provides:

« a Summary of the important concepts presented within the chapter. This will be a
valuable tool when students are revising for tests and exams

+ a Glossary of all the new ferms introduced within the chapter

« Chapter review questions that review understanding of concepts from the chapter.

Questions are ordered from lower to higher order thinking skills and also include
reflection questions.

Where answers to questions are numerical, they are provided in the back of the book.

NelsonNet

NelsonNet is your protected portal to the premium digital resources for Nelson
textbooks located at www.nelsonnet.com.au. Once your registration is complete
you will have access to an exciting and stimulating digital suite of resources for each
chapter that are designed to enhance and reinforce learning.

Each chapter will also be supplemented with the following digital resources:

+ Prior learning activity sheet to revise content from Year 11 that is a prerequisite to
understanding

+ Activity sheets, including theory and practical exercises
+ Revision sheets to complete at home to revise class work

+ A review quiz containing 20 aufo-correcting multiple-choice questions to review
understanding

+ Videos fo provide extra information or real-world examples. Pages that have videos

associated with them are indicated with a blue icon in the footer

+ Links fo websites that contain extra information. These are hotspotted within the
ebook and they can also be accessed at http://pac3and4.nelsonnet.com.au.
Please note that complimentary access to NelsonNet and the NelsonNetBook
is only available to teachers who use the accompanying student textbook as a
core educational resource in their classroom. Contfact your sales representative for
information about access codes and conditions.

Case study

Margin note

QUESTION SET

lu

‘nelsonnet



Unit 3 | Unit 4
Chapter
3/4]/5]/6]7]8]9

Identify, research and construct
questions for investigation; propose
hypotheses; and predict possible
outcomes (ACSPH0T8 AND ACSPHI14)

Design investigations, including the
procedure to be followed, the materials
required, and the type and amount of
primary and/or secondary data to be
collected; conduct risk assessments; and
consider research ethics (ACSPH0TI AND
ACSPHI15)

Conduct investigations, including

- the manipulation of force measurers
and electromagnetic devices (ACSPH080)

- use of simulations and manipulation of
spectral devices (ACSPHIL6)

safely, competently and methodically for
the collection of valid and reliable data

Represent data in meaningful and useful
ways, including using appropriate Sl
units, symbols and significant figures;
organise and analyse data to identify
frends, patterns and relatfionships; identify
sources of uncertainty and techniques

fo minimise these uncertainties; utilise
uncertainty and percentage uncertainty
fo determine

+ the uncertainty in the result of
calculations (ACSPH081)

+ the cumulative uncertainty resulting
from calculations (ACSPHIIT)

and evaluate the impact of measurement
uncertainty on experimental results; and
select, synthesise and use evidence to
make and justify conclusions

Interpret a range of scientific and media
fexts, and evaluate processes, claims
and conclusions by considering

- the accuracy and precision of
available evidence (ACSPH082)

- the quality of available evidence
(ACSPH118)

and use reasoning to construct scientific
arguments

Science Inquiry Skills




Chapter
6 7

Select, construct and use appropriate
representations, including text and
graphic representations of empirical and
theoretical relationships

+ vector diagrams, free body/force
diagrams, field diagrams and circuit
diagrams (ACSPH083)

+ simulations, simple reaction diagrams
and atomic energy level diagrams
(ACSPH119)

fo communicate conceptual
understanding, solve problems and make
predictions

Select, use and interpret appropriate
mathematical representations,

including linear and non-linear graphs
and algebraic relationships representing
physical systems, fo solve problems

and make predictions (ACSPH084 AND ACSPHI20)

Communicate to specific audiences and
for specific purposes using appropriate
language, nomenclature, genres and
modes, including scientific reports
(ACSPHO085 AND ACSPHI2I)

ICT and other technologies have
dramatically increased the size,
accuracy and geographic and temporal
scope of datasets with which scientists
work (ACSPH086 AND ACSPH122)

Models and theories are contested and
refined or replaced when new evidence
challenges them, or when a new model
or theory has greater explanatory power
(ACSPHO8T AND ACSPHI23)

The acceptance of science
understanding can be influenced by the
social, economic and cultural context in
which it is considered (ACSPH088 AND ACSPHI24)

People can use scientific knowledge to
inform the monitoring, assessment and
evaluation of risk (ACSPH089 AND ACSPHI25)

Science can be limited in its ability to
provide definitive answers to public
debate; there may be insufficient reliable
data available, or interpretation of the
data may be open to question

(ACSPH090 AND ACSPHI26)

Infernational collaboration is often required
when investing in large-scale science
projects or addressing issues for the
Asia-Pacific region (ACSPH091 AND ACSPHI2T)

Scientific knowledge can be used

to develop and evaluate projected
economic, social and environmental
impacts and fo design action for
sustainability (ACSPH092 AND ACSPH128)

Science as a Human Endeavour
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CHAPTER 1
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By the end of this chapter you will have covered the following material.
Science Understanding 4
+ The movement of free-falling bodies in Earth’s < Projectile motion can be analysed
gravitational field is predictable (ACSPH093) quantitatively by treating the horizontal
- Gravitational field strength is defined as the and verfical components of fhe mofion ,
net force per unit mass at a particular point independently (ACSPH09Y) (11,
in the field (ACSPH09T) + When an object experiences a net force
H - The vector nature of the gravitational force of constant magnitude perpendicular to
g can be used fo analyse motion on inclined its velocity, it will undergo uniform circular
: planes by considering the components mo’lrion, including circular motion on a
i of the gravitational force (that is, weight) horizontal plane and around a banked
#1 parallel and perpendicular to the plane track (ACSPH100) | I l l I I |
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See Chapter 7 in
Nelson Physics Units 1
& 2 for the Australian
Curriculum.

Infroduction

A force is applied by one object on another (Figure 1.1).
If, in an interaction involving two objects A and B, object A is the external agent that acts on
the receiver, B, we denote this by:

F(by AonB)
Simultaneously, B acts on A, so that, from this viewpoint, B is the agent and A the receiver:
F(byBonA)

This basic idea, that forces act on objects, leads to Newton’s three laws:

Figure 1.1 A

Person A contacts
person B, so A acts on
B: F(by A on B). Notice
that at the same time B
contacts A, so B acts on
A: F(by Bon A)

F(bySonP)..__.____

Surface

F(by P on S)

F(by mp on Mg)

.ME

Figure 1.2 A

The feet and Earth’s
surface are in contact and
act on each other, but the
masses of Earth and the
person act on each other
from a distance

: NEWTON'S :
: CONSIDERATION

! Newfon'’s

i consideration

i of how Earth’s

¢ gravitational field
i emanates through
i space led him fo

i the invention of

i infegration.

Newton 1: If the vector sum of all forces acting on an object is zero, then its velocity
remains constant.

Newton 2: The acceleration, 4, of an object is dependent on the vector sum of all forces
acting on it and its mass, m:
Y F (onobject)
m
Newton 3: ﬁ(bonnB) and ﬁ(bonnB):

* are equal in magnitude

a =

* are opposite in direction

* have the same fundamental nature

AND

* each force acts on a different object.

In Nelson Physics Units 1 & 2 for the Australian Curriculum we distinguished between
contact and non-contact forces. In this chapter we now abandon the idea of contact
force. Instead, we develop the more powerful concept of field and show how it is used to
explain interactions between objects. Fields mediate the forces: object A affects object B
by way of A’s field stretching out beyond A, and B acts reciprocally on A via its own field.

Consequently, all forces may be considered to be action-at-a-distance effects.
The gravitational field of a mass affects all other masses. Similarly, we shall see in
chapters 3 and 4 that electrostatic and magnetic forces act at a distance from charges
and magnets respectively.

Figure 1.2 shows a person standing on the surface of Earth.

The electrostatic force applied by the surface, £(by S on P), acts upwards while the
gravitational force on the person, F(by My on mp)> acts downwards. The
respective Newton 3 pairs for these forces are also shown. Only the forces acting on
the person affect the person’s motion.

Movement of free-
falling bodies in Earth’s
gravitational field

At any point near Earth’s surface, an object experiences the effect of the mass of Earth.
Newton was the first to realise that this same effect was the force that held the Moon in orbit
around Earth and the planets in their orbits about the Sun.

Gravitational field near Earth’s surface

Due to Earth’s nearly-spherical shape, an object anywhere near Earth’s surface is about the same
distance from the centre of mass of Earth. This point can be taken as the point in space from
where Earth’s gravitational field emanates throughout the universe. In theory, this field will
apply a force to every object in the universe. However, the great distances within our own solar
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system, galaxy and group of galaxies mean that, in reality, Earth’s gravitational field really only
has an influence on objects within a few hundred million kilometres.

Weight force near Earth’s surface

The gravitational field strength around any mass is determined by the distance from the centre
of mass and the mass itself. The force applied to any mass within the gravitational field is, in
turn, determined by the strength of the gravitational field. Near Earth’s surface, a 1 kg mass has
a force of 9.8 N applied to it by Earth’s gravitational field. The gravitational field strength is:

_ F(by mass of Earth on mass )

N kg™

m

According to Newton’s third law, Earth’s mass and a 1 kg mass will apply the same
magnitude of gravitational force on each other. These forces will be in opposite directions, along
a line joining their centres of mass. The forces will apply to different masses: the 1 kg mass acts
on Earth’s mass, and Earth’s mass acts on the 1 kg mass.

F(by mass of Earth on 1 kg mass) and F(by 1 kg mass on mass of Earth):
* are equal in magnitude.

* are opposite in direction.

» act on different things.

+ cannot be added to make a net force.

If the 1 kg mass is released, the mass will fall to Earth and Earth will fall towards the 1 kg
mass. Earth will, in fact, fall an immeasurably small distance, while the 1 kg mass will fall
through the distance between it and the ground below.

Weight, w, is a force, the force applied by the mass of Earth on a nearby mass:

w = F(by mass of Earth on nearby mass)

For any mass 7, the magnitude of the force applied to it by Earth’s gravitational field, the
weight force w), is given by:

w = mg

where g is the gravitational field strength. The value of g near Earth’s surface is 9.8 N kg™

Gravitational acceleration

E
Newton’s second law, @ = —=, can be applied to the gravitational force applied to any mass 72

near Earth’s surface. Using . = w, we get:
— Fnet
7=

m

_w

m
so: w = mai

weget: 4 =g

Therefore, the acceleration of a mass free to move near Earth’s surface is 9.8 m s 2.

As g is the acceleration due to gravity, the direction of the acceleration must be towards
the centre of mass of Earth as well. This also tells us that the gravitational field, g, actually s
the gravitational acceleration.

You may have already guessed this from the units. 1 Nkg™ is equal to 1 ms™, which is the unit
for acceleration. (Recall that 1N = 1kgms™, therefore 1 Nkg™ = (1kgms™?)(1kg™) = I ms™2.)

Beware of assuming
that if two quantities
have the same units
they are the same
thing. Although this
is offen the case, it is
not always so, as we
shall see when we

look at forque. Torque

can be written in the
same units as work
(Nm) but it is not the
same thing.
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the gravitational field, g, in which it is swinging. To a good approximation, for small displacements. T = 2x |—

Aim
To measure the strength of Earth’s gravitational field, g, near the surface using a pendulum

M

Procedure

1

aterials
retort stand

This gives us a very simple way of measuring the gravitational field at any point in space. We simply
have to ensure no forces other than gravity are acting on a test mass, and then observe its acceleration.

The gravitational field at any point is equal to the acceleration of a mass due to the

gravitational force at that point, g =

Close to Earth’s surface:

boss head and clamp
string, mass bob
stopwatch or timing device

ruler

gravitational
m :

Gclose to Earth — 98ng_1 =9.8ms3?

EXPERIMENT 1.1

EARTH'S GRAVITATIONAL FIELD STRENGTH

The period, T, of a pendulum is dependent on two variables: the length of the pendulum, ¢, and the strength of

data logging apparatus optional

Set up the apparatus as shown in Figure 1.3.

Boss
head Rod
and /
clamp /
/
[—
/4 So
/
/ Vertical axis
String /
Retort /
stand /
/
/
/
Mass bob 0
B
Direction of
the swing

l

<« Figure 1.3
Experimental set-up

As accurately as possible, measure the effective length of the pendulum from the top of the string to the
centre of mass of the bob. This length should be about 1T m.

Pull the mass bob back until it makes an angle of about 5° with the vertical.

If it is available, use data logging apparatus to record the period of oscillation of the pendulum. Otherwise,
record the time taken for 10 complete oscillations of the pendulum.

Change the length of the string fo about 0.8 m and repeat steps 3 and 4.
Repeat again with string lengths of about 0.6 m and 0.4 m.
Calculate the period of the pendulum and the value of g and record it in the following data table.

NELSON PHYSICS UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM
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Results
Record the data in a fable similar fo the one shown below.

Length of pendulum (£) (m) Time for 10 oscillations (s) Period of pendulum (T) (s)

Analysis of results
Two methods can be used to calculate the value of g.
Method 1: Using equations to model the pendulum

Use: T-%F N
g g
4

w2/

T2

Substitute each period and length into the equation. Calculate a value for g each fime and then fake an
average of the four values found.

Method 2: Using graphical representations to model the pendulum

Plot the relationship between ¢ and T2. Plot ¢ on the x axis, as it is the independent variable. T?, the dependent
variable, is plotted on the y axis. The data points should be plotted and a line of best fit drawn.

. L
Using: T = 27:\/:
g

¢
T2 = (2m)2 —
9

g
2

4
This indicates that the value of the gradient of the graph of T2 vs € is ; .

Using any fwo points on the line of best fit, find the gradient of the graph and hence calculate the value of g
using this method.

Discussion

1 What are the sources of uncertainty in this experiment?

2 Suggest ways in which these uncertainties could be minimised.

3 Explain why the fime for 10 oscillations was measured and then divided by 10 to find the period, T.

4

If the length of the pendulum was always being over-estimated, how would this effect the value of g
obtained for each analysis method?

5 Give your best estimate of g, including the uncertainty.
Taking it further

Investigate how accelerometers are used in cars and how they work.

Vertical motion

An object that is free to fall near Earth’s surface will experience a gravitational force in a
vertically downwards direction, regardless of its direction of motion. The gravitational force
results in the object accelerating vertically downwards with a value of acceleration equal to g.
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As the value of gis 9.8 m s downwards, we get:

o= " (the definition of acceleration) 1)
t

v, =u, +at

so: v, =u, + gt

Notice that written in this way, if upwards is taken as being the positive direction, then change

in speed is negative, and the value of ¢ must be written as —9.8 m s™* (downwards direction).

The velocity versus time graph for an object with constant acceleration is shown in Figure 1.4.

The area under the v—z graph is a triangle plus rectangle in area, and is equal
distance interval, s.
Use the rectangle plus the triangle to find the area:

Velocity
_ 1
Final Uniform acceleration a = u s =ut + E(v —uy
velocity \ 1
v \ , T s=ut + —(at)t
Area == (v — u)t (v —u) 2
Initial A — 1 (at)t l s =ut + latz
velocity 2 2
“ T
[ Area=ut u Considering the vertical motion of a free-falling object for which 2 = g, we get:
0 l > Time _ 1 2
l«—— Time interval —>| s =ur + Egtz @
0
Figure 1.4 A Combining equiations (1) and (2) we can derive a tEird useful equation.
Motion of a point mass From s = ut + —af and v = u + at (hence, t = 2 "), we can show that:
along a straight line 2 a
v} =1+ 2as
Equations (2) Again, if we consider the vertical acceleration only, with 2 = g, we have:
and (3) are
sometimes written:
v’ =ul+ 2gy ©)

1
s = ng“ruyf

Vi =29y + Uy

object’s motion is being considered here.

WORKED EXAMPLE 1.1

A rock is dropped out of a hot air balloon that is hovering stationary 200 m above the ground.
a With what speed does the rock hit the ground?
b How long does the rock take to fall?

Answers Logic

a Identify known and required variables:

u a ) v
0 —9.8ms2 —-200 m ?
Select the equation and solve: Select the appropriate equation.

v?=u?+ 2gy

v?2=0%2+2X -98ms2x —-200m Substitute known values and solve the eq
v? = 3920
v, = 63 m s vertically down Use correct units and number of significant

8 NELSON PHYSICS UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM

to the value of the

The symbol y replaces s, the displacement interval, as only the vertical component of the

T mark

uation. 1 mark

figures. 1 mark
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b Identify known and required variables: Select the appropriate equation. 1 mark

u a §
0 —9.8ms? —200m ?

Select the equation and solve:

1
5:14/4- Egtz

s = %gtz Rearrange for r and substitute known values. 1 mark
2s
t = JR—
g
_ [2 X ~200m
-9.8ms—2
t=064s Use correct units and number of significant figures. 1 mark
Try these yourself
A ball is thrown vertically upwards at 20 m s,
a What is the maximum height reached by the ball? (Hint: » = 0 af the maximum height.) (3 marks)
b How long will the ball take to fall back to its original position? (Hint: The motion of the balll is (3 marks)

symmetrical about the maximum height reached.)

In the example above, the upwards direction was chosen as being positive. Quantities with a
downwards direction, such as acceleration and displacement, are therefore assigned negative
values. It would be possible to assign the reverse — assigning negative values to quantities with an
upwards direction. If this was done the answer would have the same physical meaning and value.

QUESTION SET 1.1

Remembering
1 What are the units of g?
2 Can you be weightless when you are in a spacecraft orbiting Earth? Use a sketch to aid your answer.

Understanding
3 Identify the purpose of using the notation v, rather than simply v for vertical motion.
4 Explain why a, = g for free-falling objects near Earth’s surface.

5 When finding the maximum height reached by a tennis ball hit
vertically upwards, the value of vis assigned to be zero. Why is
this done? v (ms)

Applying 160

6 Arock is dropped from a very high cliff. How long does it take '
until the rock is moving at 60 m s1?

7 A ballis thrown from a window with an initial downwards speed
of 4.4 m s~'. It hits the ground after 1.4 s. How high is the window? 8.0

8 With what minimum speed must a student throw a pencil case
vertically upwards so that it reaches a window 5.5 m high?

Analysing 0

9 The shape of the v versus f graph for an object is shown in 0 7.0 14.0 £
Figure 1.5. Find the displacement interval, s, for the object over
the time shown. AFigure 1.5

9780170242110 UNIT 3 CHAPTER 1: MOTION IN ONE AND TWO DIMENSIONS 9
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Reflecting

10 Given that the acceleration of objects near Earth’s surface is directed vertically downwards, explain why
a bullet shot horizontally from a height h hits the ground at the same time as one dropped from the same
height.

The vector nature of
gravitational force

The force exerted on an object within a gravitational field is applied in a direction towards the
centre of mass of the object. Gravitational fields exist even for the smallest of masses. Therefore,
we can say that a gravitational force is acting between you and the person nearest you. However,
because this force is so small, it goes unnoticed. The very large mass of Earth results in a
gravitational force on any object near it that cannot be ignored. The position of the centre of
mass of Earth means that the gravitational force is exerted vertically downwards. Only tiny
variations in the direction of this force are caused by local influences such as mountains or dense
bodies of rock beneath the surface.

Vector addition of forces

net

Newton’s second law, 7 = , allows for the fact that any number of forces may be acting on a
y y g
m

mass 7 at any time. The symbol F,

signifies the resultant force (or net force), or the sum of all

et

the forces acting.

3 F(by other objects on A) = F. .
To find the sum of the forces acting on an object, the magnitudes, or sizes, of the forces
cannot simply be added. The vector nature of force means that the directions of the individual
forces must be taken into account.
When adding two force vectors acting on an object at the same time, the resultant force may
be found either geometrically or by using a scale diagram.

WORKED EXAMPLE 1.2

A barge has two tug boats pulling it with ropes attached in the directions shown in Figure 1.6. What is the vector
sum of these two applied forces? (3 marks)

600 N north

- 800 N east
Barge
<« Figure 1.6 Using the tip-to-tail method,
the two force vectors form two sides of

a right triangle.
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Answer Logic

800 N east Construct a correct vector diagram. 1 mark
]

600 N

north 1000 N <« Figure 1.7
Aright triangle is formed

0 by the two forces and the

resultant of these two forces.

The resultant, or net force, on the barge can be Find the magnitude of the force. 1 mark

found by using Pythagoras’ theorem:

F.., = /600N + 8002N = 1000 N

net

Force is a vector, so its direction is required: Find the resultant angle. 1 mark
6 = fan! 800N, 53°
O0ON

Fret = 1000 N, N53°E

An alternative method can be used using a scale
diagram. The scale chosen may, in this case, be
1 cm =100 N.

Try this yourself

Two ropes attached to a free stump apply forces of 900 N to the north and 1600 N to the east. Find (5 marks)
the resultant force on the stump. Use geometric methods first by constructing a scale diagram and
then check using trigonometry.

Components of forces

When a resultant force is applied in one direction but motion can only
occur in a different direction, only a part of the applied force will be
effective. The object will only accelerate in the direction in which the
motion is allowed.

Figure 1.8 shows a child pulling a toy car on a string. The direction of the
force applied to the toy by the string is at an angle 6 to the direction of the
motion of the toy. We shall assume that the wheels are fixed and the toy is
sliding across the floor. Friction is negligible.

Figure 1.9 shows how a right triangle can be used to find the component
of the applied force vector that is in the direction of motion of the toy car.

The component of this force in the direction of motion, which in this case is

horizontal, is found by: A Figure 1.8
6 is the angle between
F the direction of the force
cos® = H applied to the toy car
F (string on toy) gfnr?] ;Tii r<1:c1r’s direction

E, = F(string on toy) cos 0

F (by string on toy)

Figure 1.9 »

The component of the
applied force F(string
on toy) by the string is Fu
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WORKED EXAMPLE 1.3

In the example shown in Figure 1.8, the force applied by the string on the toy caris 15.0 N. The angle made by
the string with the horizontal direction of motion is 25°. What is the component of the force by the string in the
direction of motion? (1 mark)

Answer Logic
F, = F(string on toy)cos6 Select the correct equation and 1 mark
! substitute.
= 15c0s25°
=13.6N
Try this yourself
A toy fruck is being pulled by its string at 15° above the horizontal. The force applied by the (1 mark)

string on the truck is 17.5 N. What force is acting in the direction of the motion of the toy truck?

The normal force
and friction were
described in Nelson
Physics Units 1T & 2
for the Australian
Curriculum.
Remember that the
normal force and the
friction force are the
perpendicular and
parallel components
of the force applied
by one surface on
another surface.

12 NELSON PHYSICS UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM

Motion down an inclined plane

Any object free to move down an inclined plane does so because of the component of the
gravitational force acting in the direction of motion. For our purposes, we will model the
motion of such objects as if they are free to slide down the inclined surface with no friction
forces acting.

Of course, in reality, balls actually roll and boxes slide. The rolling action of a ball means
that the ball possesses rotational kinetic energy as well as translational kinetic energy. Hence
the gravitational potential energy is transformed into two different types of kinetic energy.

This means that, if you fail to account for the rotational kinetic energy, a ball rolling down
an inclined plane will have a speed at the bottom that is less than that predicted by energy
conservation. The effect of friction on the rotation of wheels is beyond the scope of this book,
but you should be aware of this effect in practical situations. For our purposes, objects will
usually be analysed as sliding without rolling.

A sliding box will have a friction force applied to it in a direction opposite to its direction
of motion. Again, this will mean that the speed of the box down the inclined place will be less
than if the friction force did not act.

Figure 1.10 shows the two forces acting on a car on a frictionless inclined plane. The force
arrows on the car are shown starting at the centre of mass of the car. We are modelling the car’s
mass as being a point mass for our purposes.

The weight of the car, which is the gravitational force by the mass of the Earth on the car,
acts directly downwards. There is also a contact force acting on the car due to the road surface.
To analyse the forces, we decompose the forces into components parallel and perpendicular
to the surface. We choose parallel and perpendicular to the surface rather than vertical and
horizontal because we know from experience that if there is any acceleration it will be along the
direction of the slope.

The weight can be broken into two components, one parallel to the surface, w(parallel), and
one perpendicular to the surface, w(perpendicular):

w(parallel) = wsin® = mgsin6

w(perpendicular) = wcos® = mgcos 0

The contact force has two components: a component perpendicular to the surface and a
component parallel to the surface.

The component of the force perpendicular to the surface, which is applied by the road
surface on the car, is called the normal force, /V. The friction force, F(friction), is the
component of the force parallel to the surface, which is applied by the road surface on the car
(Figure 1.10).

9780170242110



Perpendicular to the surface

No acceleration occurs perpendicular to the surface:
= F(net), =0
= N — mgcos® =0
= N = mgcos0

The normal force, 2V, balances the perpendicular component of the weight.

Parallel to the slope

For a sloping surface, we expect the acceleration of the car to be affected by the friction on the
object by the road and the angle of the slope:

= F(net); = ma
= mygsin® — F(friction) = ma
If the hand brake is on so that the wheels cannot rotate, the car will exhibit one of two
possible fates. If it is stationary, it will remain at rest, or if it is travelling at constant velocity,

it will continue at constant velocity (Newton’s first law). In these cases, F(net) = 0 (Newton’s
second law).

= F(net), =0
= mgsin® — F(friction) = 0
= F(friction) = ma — mgsin®

Alternatively, if the wheels are prevented from rotating, the car may accelerate down the
slope. But it will slide — the wheels will not rotate.

In general, when the wheels rotate and the car slides, motion is a bit more complicated
to analyse. This is because the friction force on the wheels acts at the surface but the axis of
rotation, the axle, is at another place; the friction force causes rotational motion.

If we make the approximation that the surface is frictionless, the net force acting is directed
down the slope and is equal to the component of the gravitational force parallel to the slope:

F(net) = mgsin® for a frictionless slope

N N b

N

F friction F
friction

F friction

w sin

' W

We often make the approximation that there is no friction force acting on one surface by

w cos0

another surface with which it is in contact. We know from experience that this is usually not
realistic. However, it does give us a simple model that we can use to give us an indication of how
an object will behave, even if it doesn’t exactly match the real situation.

Every model that we use is an approximation. Sometimes it is reasonable to ignore friction,
but sometimes it is not. You need to think about the situation you are modelling, and decide
which approximations are reasonable to make and which ones are not.

9780170242110

If a car rolls down a
hill, it is not because
of an absence of
friction between the
tyres and the road.
Friction is required
to make the wheels
turn. On a completely
frictionless slope a
car will slide without
the wheels turning.

w sinf

w cosf

¥ Figure 1.10

a) Forces acting on a
car on a slope. b) The
forces acting shown as
components parallel
and perpendicular to
the slope. Note that
N = wcos#. ¢) If the
slope is frictionless,
then the net force
F(net) = wsin6 down
the slope.
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WORKED EXAMPLE 1.4

A 1000 kg car is on a frictionless inclined plane that is at an angle of 15° fo the horizontal, as shown in Figure 1.11.

1000 kg

15°

A Figure 1.11

a Copy the diagram and draw the force vectors acting on the car and the force vector diagram o show Fret.
(2 marks)

b Find Fuet, the force acting on the car in the direction of motion. (2 marks)

¢ Hence find the car’s acceleration. (2 marks)

Answers Logic

a Correct force vectors shown on car. 1 mark

1000 kg Correct vector diagram drawn. 1 mark
w N
Fnet
A Figure 1.12
b Fret = Wsing
= mgsing
= 1000kg x 9.8Nkg™ X sin15° Correct calculation. 1 mark
= 2.5 X 10® N down the incline Direction is given. 1 mark
— FneT
c a=
m
25X 10°N
- W Correct calculation. 1 mark
= 2.5 m s 2 down the incline Direction is given. 1 mark
Try these yourself
An 800 kg car rests on a frictionless inclined roadway at 10° fo the horizontal. (7 marks)

a Draw a diagram to show this and then draw the force vectors acting on the car and the
force vector diagram to show Frer.

b Find F., the force acting on the car in the direction of motion.

(¢]

Hence find the car’s acceleration, assuming it slides down the slope.

d What is the minimum force by the brakes on the car so that the car does not begin to roll
down the hill?
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EXPERIMENT 1.2

ACCELERATION DOWN AN INCLINED PLANE

Aim
To measure the acceleration of an object moving down an inclined plane
Materials
steel ball
ramp or desk placed on an incline
ruler
stopwatch or data logger and electronic timing gate
Procedure

1 Set up the ramp or desk at an incline and measure the length of the ramp, ¢, and the height of the raised
end, h, above the lower end.

2 Measure the length of a course for the ball to roll down the incline.

3 Use a stopwatch or electronic fiming apparatus to record the time taken for the ball to roll down the course
when it is released from rest.

4 Repeat step 3 at least twice more.
Results
Record your results in a table similar to the one below.

Length of course = m Trial 1 Trial 2 Trial 3 Average

Time for ball fo roll (s)

Analysis of results
1 Find the average time interval taken for the ball to roll down the course. Include the uncertainty in your result.

2 Use the appropriate equation to find the speed of the ball at the bottom of the slope. Estimate the
uncertainty in this value.

3 Use the appropriate equation to find the average acceleration of the ball down the slope. Estimate the
uncertainty in this value.
Discussion

1 Calculate the expected value of the acceleration and the final speed of the ball, ignoring its rotational
motion. To do this, fake a = g sin® where 6 is the angle between the horizontal and the slope.

2 Compare the expected speed and acceleration with the measured values. Do they agree? Don't forget that
you need fo consider the experimental uncertainties o say whether the values agree or not.

3 How can these differences (if any) be explained by rotational motion?

4 When we calculate a value of g from an experiment like this, we are modelling a rolling ball as an object
sliding without friction. Comment on the appropriateness of using this model in this situation. Do you think
there is a better model that could be used?

Taking it further

The surface must apply friction fo the ball for it fo roll, otherwise it would slide. However, we cannot measure
the frictional force between the ball and the slope using this particular experiment. Design an experiment
or investigation to measure the frictional forces between different surfaces using objects sliding, rather than
rolling, down a slope.

9780170242110 UNIT 3 CHAPTER 1: MOTION IN ONE AND TWO DIMENSIONS 15



QUESTION SET 1.2

Remembering

1 Which two methods can be used tfo find the resultant of two force vectors?

2 Why are the force vectors acting on a car shown originating from the centre of the car?
3 What is the direction of the net force by a roadway on a car, assuming no friction?

Understanding

4 If the component of the net force acting on an object down a frictionless incline is F.et = Wsin6, what
would be the acceleration of the object when:

a §=0°?
b 6 =90°?

5 Would there be a limit to the number of force vectors acting on an object simultaneously for which a
resultant F.et could be found?

Applying
6 a Using a scale drawing, find the resultant of forces A, B and C on an object.
A = 500 N north, B = 400 N west, C = 200 N south
b Verify your answer to part a using geometric methods.
7 Find the north and east components of a force vector of 650 N in a direction N38°E.

8 A 1200 kg caris parked on an incline of 8°. What friction force is required to hold the car in position when
the handbrake is released?

Analysing
9 Explain the consequences of the fotal reaction force of a roadway on a car being at an angle to the
surface on a horizontal road. When would this occur?

10 At the end of many steep declines there are emergency exit points for trucks that have sand as a base
rather than solid roadway. Explain why these are necessary.

Projectile motion

A projectile is an object that moves relatively freely through space. Near Earth, projectiles
are mainly affected by the gravitational field and friction effects. Projectiles can be
launched vertically, horizontally or at any angle. Their initial speed, #, is determined by
an initial force such as an explosion, a throw or a hit.

Real projectiles on Earth move quite differently from projectiles launched in a gravitational
field where there is no atmosphere, such as on the Moon. Drag force is the frictional force
applied by the air to a moving body. In general, drag acts in the opposite direction to that of
the motion of the projectile relative to the air. The drag force depends on the air density, the
speed of the projectile, its shape and surface material. In general, the smaller and more curved
the surface, the less air drag there is. The faster its motion, the greater the drag. Details of the
surface of an object, such as its texture, also affect the way air flows around it and, hence, the
magnitude and direction of various forces applied to it. The dimples on a golf ball (Figure 1.13)

. Figure 1.13 A actually cause the ball to fly further than one without dimples.
ng’rgclnrnflc?sssg ’pi ﬂg”r:gy; In this chapter, we will ignore the effects of friction on projectiles and model their motion
through the atmosphere as if the only force applied to them after being launched is the gravitational force. This force is
with less resistance. always directed vertically downwards.

Shutterstock.com/cloki

Horizontal component

The gravitational force acts vertically; it has no horizontal. Consequently, if we ignore friction,
the projectile has zero acceleration in the horizontal direction, and we can say that its speed
in the horizontal direction is constant. This is consistent with Newton’s first law.
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To find the magnitude of the initial horizontal component of velocity, #,, a vector U frmmmmmmmmmmmmm e

diagram is drawn as shown in Figure 1.14.
The horizontal component of the initial velocity is given by:

U, = u cosb

0
ux
A Figure 1.14
The horizontal and vertical
components of the initial
velocity, u
WORKED EXAMPLE 1.5
a A projectile is fired at an angle of 30° fo the horizontal with a speed of 120 m s™'. Find the horizontal
component of the projectile’s initial velocity. (1 mark)
b Some fime later, the projectile hits the ground. With what horizontal speed does this occur? Explain your
answer. (1T mark)
Answers Logic
a u,= uCos Select the correct equation and substitute. 1 mark
=120 m s7' X cos30°
=104 ms!
b v,=u«=104ms"! Correct assumption made with reason. 1 mark
There is no force applied to the projectile in
the horizontal direction, so its horizontal speed
remains constant throughout its flight.
Try these yourself
Draw a sketch of the problem and then find the horizontal component of the initial velocity of (4 marks)
projectiles fired:
a at an angle of 65° above the horizontal and a speed of 45 m s
b from a high cliff at an angle of 25° below the horizontal at 50 m s
Vertical component
When considering the vertical component of projectile motion, the action of the gravitational
force must be taken into account. As has been seen previously, this force acts on any object near
Earth’s surface. The vertical force, F, acting on a projectile is therefore its weight force, w, where
w = mg. We take the value of gas 9.8 m s~ downwards.
The vertical component of a projectile’s motion can be treated independently of its horizontal
motion. The two components can then be combined at a later stage to get a complete picture of
the projectile’s motion in two dimensions.
The initial vertical component of a projectile’s speed, #, can be found using Figure 1.14. It
can be seen that:
u, = usin0
The vertical component of a projectile’s motion can be treated independently of its
horizontal motion.
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As the weight of the projectile, mg, acts all the time (assuming the projectile stays near to Earth’s
surface), the acceleration of the projectile is equal to —g, —9.8 m s72, i.e. directed downwards.
The same equations used for vertical motion are used to analyse the projectile’s vertical

component of motion.

WORKED EXAMPLE 1.6

A projectile is fired at an angle of 45° above the horizontal with a speed of 86 m s

a Find the vertical component of the initial velocity of the projectile. (2 marks)

b Find the maximum height (vertical displacement) reached by the projectile. (4 marks)
¢ What is the time faken for the projectile to reach its maximum height? (2 marks)

Answers Logic
a u, = using Correct equation and substitution.
=86 ms'sin45°
=6l ms™
b u)’ d)’ 7)] }/
+6lms?' -98ms2 0 ?
v?=u?+ 2gy Correct equation.
2
Y :ZL Rearranging for y, noting that » = 0.
4
-1\2
_ _(GIms )" Correct substitution.
2x98ms?
=190m Correct answer given.
c u a, v, 2
+61 ms™! -98ms2 O ?
Use: v, = u, + gt Correct equation and substitution.
;= % Rearranging for ¢, noting that » = 0.
4
61ms- Correct substitution.
~ 98ms2
=625 Correct answer given

Try these yourself

—

A projectile is fired with an initial speed of 210 m s™' at an angle of 70° above the
horizontal.

a Find the vertical component of the initial velocity of the projectile.
b Find the maximum height (vertical displacement) reached by the projectile.
¢ What is time taken for the projectile to reach its maximum height?

N

A golf ball is hit and given an initial speed of 50 m s! at an angle of 19° above the
horizontal. Find its height 2.4 s after being hit.

2 marks

j—

mark

j—

mark

—_

mark

j—

mark

—_

mark

—_

mark

—_

mark

j—

mark

(8 marks)

(8 marks)
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Combining horizontal and
vertical components

Once launched, a projectile will move with a constant horizontal velocity while simultaneously
moving vertically with an acceleration of 9.8 m s™> downwards.

'The two components of motion can be calculated independently of each other and then combined.
The time of flight for the projectile depends only on the vertical speed, #,, of the projectile. If launched
from ground level and moving over level ground, the projectile’s motion will end when it hits the
ground, when y = 0. Finding the time of this event will allow the range of the projectile to be found.

As the projectile moves with a constant horizontal speed #,, we have:

X = Ut

WORKED EXAMPLE 1.7

How far will a projectile fly over level ground if it is launched from ground level with a speed of 35 m s af an
angle 55° above the horizontal? (7 marks)

Answer Logic
First, the time of flight must be found for the projectile. This can be Find the initial vertical 1 mark
done by analysing the vertical component of motion. component of velocity.

u, = using

=35 ms'sin55°

=287ms!

The time of flight can be found from the vertical component of motion
only. Using the symmetrical nature of the motion, where v, = —u,

u, a, @y t
+28.7 m s —9.8 ms2 —-28.7ms! ?
Use: v,=u, + gt Correct equation and 1 mark
substitution.
Vv —u
=2 J
&
_ —=287ms ' —-287ms! Rearrange for . 1 mark
-9.8ms?
/= 5865 Correct substitution and answer. 1 mark
Projectile moves with constant horizontal component of speed: Correct horizontal component 1 mark
u, = u COSH used.
= 35m s cos55° Correct equation used. 1 mark
=201 ms™!
The range of the projectile is:
X = Ut
=201 ms'x 586s
=120m Correct answer calculated with 1 mark

correct significant figures and units.

Try these yourself

1 What is the maximum height reached by a netball that is thrown at 6.0 m s at 45° above (6 marks)
the horizontal?

2 What is the range of a cricket ball that is struck at 37 m s7' and an angle of 50°? (7 marks)
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EXPERIMENT 1.3

ANALYSING THE MOTION OF A PROJECTILE

Aim
To find the launch velocity of a projectile by analysing its motion
Materials
curved ramp such as a foy car track
ball bearing or toy car
ruler
sand tray
Procedure

1 Set up the curved track on the edge of a desk as shown in
Figure 1.15. Ensure the end of the track is horizontal.

2 Place the sand tray on the floor a small distance from the
desk.

3 Measure the height hees Of the end of the track above the
sand fray.

4 Release the ball bearing or foy car from a height hyqcc abbove
the end of the frack.

5 Position the sand tray so that the car or ball lands in the ) )
sand. Measure the horizontal distance x from the impact A Figure 1.15 Experimental set-up
point in the sand to the end of the track.

6 Repeat for several attempts and find the average distance x.

- sand tray

Results
1 heesw. The height of the end of the frack above the sand tray: m
2  hwaer, the height the ball or toy rolls through down the track: m
3 Horizontal distance flown by ball or toy, x:

Attempt T: m

Aftempt 2: m

Attempt 3: m

Average: m

Analysis of results

1 Choose the appropriate equation to relate time of flight fo the height of the desk, hgesk.
2 Use your average value of x fo calculate the launch speed u..

Discussion

1 Using conservation of energy, where gained kinetic energy = lost gravitational potential energy. find the
theoretical launch speed of the projectile. Note that we are ignoring the rotational motion of the ball.

2 Compare this value fo the value of u, found in the experiment. Do you think the model you have used, which
ignores the rotational kinetic energy of the ball, is an appropriate one for this situation? Explain your answer.

Taking it further
Suggest ways in which this experiment could be improved.
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QUESTION SET 1.3

Remembering
1 List the kinematic equations associated with projectile motion. Define all variables.

2 On a vector diagram show the horizontal and vertical components of the initial velocity of a projectile.
Why do we assume that there is no horizontal component of acceleration for a projectile?

Understanding

3 Why is the time of flight for a projectile independent of the projectile’s horizontal speed?

4 Sketch separate speed versus time graphs for the horizontal and vertical motions of a projectile that is
launched directly upwards and lands below the launch position.

Applying

5 How long will it take a ball thrown at 12 m s at an angle of 70° above the horizontal to reach a height of
4.0 m above its launch position?

6 Arock is thrown from a 55 m high cliff at an angle of 20° below the horizontal at an inifial speed of
35ms~'. How long will it take the rock to land?

7 Find the range of a cannon ball that is launched with a velocity of 300 m s ! at an angle of 35° above the
horizontal and lands at the same height as the launch site.

Analysing

8 A projectile is launched at an angle of 60° above the horizontal and reaches a maximum height of 25 m.
With what speed was it launched?

Reflecting

9 How does the frajectory of a real projectile differ from that of the model of projectile motion used in this chapter?

Circular motion

Newton’s first law states that an object travelling in a straight line at a constant
speed has no net force acting on it. What happens when the object travels at
constant speed going around a corner? As the direction of motion is changing,
cleatly a net force must be acting on the object. This net force can be applied
by such forces as the friction by the surface on the object, or a tension force
exerted by an attached rope or string. It can also be exerted by the gravitational
force by one mass on another mass.

If you are in a vehicle that is turning a sharp corner you will feel as if you
are being thrown to the side. If you carefully examine your situation, you will

Shutterstock.com/supergenijalac

realise that as the vehicle changes direction, you are trying to maintain your
velocity in a straight line. The road surface pushes on the car through the

tyres. In turn, the side of the vehicle and the seat push you towards the inside A Figure 1.16
. . . , A car on a horizontal road
of the curve (see Figure 1.16). Your body is still trying to obey Newton’s tumns as a result of the inwards
first law. directed net force applied to
the tyres by the road.

Uniform circular motion

An object going around a circle of radius 7 at a constant speed v takes a period of time 7 to
complete one revolution around the circumference.

The period is the time taken to go around the circle. It has the unit of time, second (s).
A related quantity is frequency f This has the unit per second, s™', or hertz (Hz):

1
f=7
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The velocity of the object
at any point on the circle
is the tangent to the circle
at that point.

Newton is often
credited with the
invention of calculus,
although in fact

the mathematician
Leibniz published
the cenfral ideas

of calculus first.
Newtfon claimed to
have developed the
same ideas much
earlier, but without
publishing them.
This led fo a long
and bitter argument
between the two.

Figure 1.18

a) The net force, F,
acting on a particle in
uniform circular motion
points radially inwards
fowards the centre of
the circle, for any
position. The
instantaneous
acceleration, @__, isin

inst”
the same direction as
the force. The particle’s
velocity, which is radial,
is perpendicular to the
force and acceleration.
b) The average
acceleration is the
change in velocity
divided by the time taken
for that change to occur:
_ \72 B \71 _ Av

ave

At Af
In the limit that the time
inferval At is very small,
a__ approaches 4.

ave inst
and AV points towards
the centre of the circle.
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The speed of the object is the distance it covers per unit time interval. In circular motion the
object travels one circumference in one time period, so the speed is:

__ circumference _ 277

The object’s direction is changing, so its velocity is changing. The velocity at a point on a
circle is the speed in the direction along the tangent to the circle at that point (Figure 1.17).

The velocity is constantly changing, so the object is accelerating. Acceleration is the rate of
change of velocity. In Figure 1.18(a), 7; and #, are velocity vectors separated by a time interval
At. The average acceleration, 4,,., over the time interval is:

- Ay
Aaye = ——
Ar

The instantaneous velocity can be found by making the time intervals smaller and smaller
until you reach the limit:

_ Av
ainst = llm
Ar—0 Ar
In this case, the speed is constant, so the average acceleration is the same magnitude as the
halfway through the time interval. Also 4, o< A7, so 4, points

inst

instantaneous acceleration, 7, ,
in the direction of A7, that is, towards the centre of the circle.

The concept of instantaneous acceleration uses a mathematical trick by taking the limit of
At close to zero without actually being zero. If Az was equal to zero, a division by Az would not
be possible. Here we are modelling by saying that the instant in time is so short it doesn’t really
matter, while at the same time saying it cannot be zero. This forms the basis for calculus and all
other mathematical concepts based on taking the limit of a value.

In the same time interval Az the distance covered by the object is Az and the change in

velocity is Av. The angle between the initial and final vectors is the same in each case.

a Vi b Az/ 7
i 0
1% _‘—)1
AV o« G,
ainst « F

The centre-seeking, or centripetal acceleration, a, is found using similar triangles
(Figure 1.19).

Av VA

v r

Av  0?

Atz r

7)2

=a = —

R

2y
Substituting for v, we get 4, = T2
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Centripetal acceleration is always directed radially in towards the centre of the
v 4m2r

circle: a_ = T = p

This allows us to calculate the magnitude of the acceleration when we know the speed and

radius data.

< Figure 1.19

The vector diagrams for
distance covered in a time
inferval and change in
velocity are similar. In similar
triangles the ratio of
corresponding sides is the
same. Note that v, and v, are
perpendicular fo r at the
relevant points on the circle.
When Vv is tfranslated fo the
middle of the time interval, it
can be seen to point radially
in fowards the centre.

Force and uniform circular motion

As the acceleration of an object undergoing uniform circular motion is directed towards the
centre of the circle, the net force F,, is also applied towards the centre of the circle.
The magnitude of the net force can be found using Newton’s second law:

3 F(on object) = ma
2 4 2
= > Fon object) = mv— =m 77
r T2

The net force applied to an object to keep it moving around a circle is called the
centripetal force. There is no real force called centripetal force. It is a net force, the
sum of real forces. A person in a rotor (Figure 1.20) is forced around the circle by the
normal force exerted by the wall of the rotor on the person and towards the centre .
This is written as

my? 4ty
E = =m
r T2

‘Centrifugal’ force - a fictitious force A Figure 1.20

A person in a ‘rofor’

Being in an accelerating frame of reference can lead to incorrect conclusions. A person in a maintains their circular
motion by the normal

) ) ) < T - force applied by the wall
wall of the rotor is applying the centripetal force necessary to keep the rider moving in a circle, to the person. This is the

as viewed by a spectator. centripetal force.

‘rotor’ may perceive themselves as being thrown outwards by a ‘centrifugal’ force. In reality, the

Cases of apparent ‘centrifugal force’ can always be explained by using a valid,
non-accelerating frame of reference to analyse the motion in question.

In the rotor ride shown in Figure 1.20, it is the normal force that provides the net, centre-
directed force to keep the person in uniform circular motion. As we shall see in the next section,
the other component of the contact force, the friction force, can also be part of the net force
that causes circular motion.

A third force, the tension in a rope or cable, may also be used to supply the net force for
circular motion. Remember that tension always acts in the direction of the cable. If the only
forces acting on an object swung in a circular path are the tension force in the cable and the
gravitational force, then the sum of the two gives the net force. This net force is what is termed
‘centripetal force’. Notice that there is no such force, called centripetal force, in the sense that
tension and gravitational force are forces. Centripetal force is a net force, the vector sum of real
forces, in this case tension and gravitational forces.
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Figure 1.21 »

An object being whirled
in d) a horizontal and

b) a vertical circle

Consider an object being whirled in a horizontal circle, as in Figure 1.21(a). You can see that
the string makes an angle 0 with the horizontal so that the tension has both a horizontal and a
vertical component.

The vertical component of the tension is equal to the gravitational force acting on the object,
as it has zero vertical acceleration.

Vertically:

F(net) = 0
= T(vertical) — mg =10
= T'sin0 = mg

T(horizontal) is the only component of the force that can act on the object to cause it to
change direction, hence accelerate:

Horizontally:
2
F(net) = m—
’
= T'(horizontal) = T'cos
2
= Tcos = m—
r
a
T

The tension in this case has a constant magnitude, but its direction varies.

When an object is whirled in a vertical circle, as in Figure 1.21(b), it is the sum of the
gravitational force (w) and the vertical component of the tension that add to give the net force
towards the centre. Take the simple case of an object being whirled in a vertical circle with the
cable vertical also. At any point on the circle the net force is:

At the bottom of the circle, the net force is upwards. Hence, at this point the tension must
be larger than the weight, as they act in opposite directions. At the top of the circle, where w
is acting in the same direction as 7; the total force must still be the same, so the tension must
be less and may even drop to zero. In this case the tension not only varies in direction but in
magnitude also.
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WORKED EXAMPLE 1.8

1 A 50 kg person is in a rotor moving with a speed of 6.0 m s™'. The radius of the rofor is 3.0 m. What is the

centripetal force applied to the person? (2 marks)

2 A 250 g aeroglider on the end of a string is swung in a horizontal circle with a radius of 1.2 m, as shown in

Figure 1.21. The aeroglider makes a revolution every 2.0 s.

a What is the speed of the aeroglider? (2 marks)

b What is the horizontal component of the tension (force) in the string? (2 marks)
¢ What is the acceleration of the aeroglider? (2 marks)

Answers Logic

1 =22 Correct equation and substitution.

_ 50kg x (6 ms')?

3m
= 600 N towards the centre Correct answer given with direction.
2a ,- ? Correct equation used.
_2nx12m
20s
=38ms™ Correct answer given.
mv? .
b F=1=— Correct equation used.
7
_ 0250 kg x (3.8 ms™'y
1.2m
= 3.0 N fowards the centre Correct answer with direction.
2
C a = = Correct equation used.
r
_ @8msy
1.2m
=12 m s~2 towards the centre Correct answer given with direction.

Try these yourself

1 Whatis the maximum speed allowed for a rotor ride of radius 2.5 m if the maximum net
(centripetal) force exerted on a 70 kg person is not allowed to exceed 1000 N?

1 mark

1 mark

1 mark

1 mark

1 mark

1 mark

1 mark

1 mark

(8 marks)

2 Whatis the radius of a rotor ride that is exerting a 400 N net force on a 30 kg child when the (3 marks)

speed of the child is 4.5 m s7'?
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Scientific literacy: NASA’s GRAIL mission to map
the Moon’s gravitational field

In 2011 NASA's Gravity Recovery And Interior Laboratory (GRAIL) mission placed two spacecraft info the
same orbit around the Moon. As they flew over areas of greater and lesser gravity, caused both by visible
features such as mountains and craters and by masses hidden beneath the lunar surface, they moved
slightly towards and away from each other. An instfrument aboard each spacecraft measured the
changes in their relative velocity very precisely. Scientists translated this information into a high-resolution
map of the Moon'’s gravitational field.

This gravity-measuring fechnique is essentially
the same as that of the Gravity Recovery And
Climate Experiment (GRACE), which has been
mapping Earth’s gravity since 2002.

GRAIL's engineering objectives were to
map lunar gravity and to use that information
fo increase understanding of the Moon's
interior and thermal history. Spacecraft have
been observed to change orbit unexpectedly
as a result of unobserved regions of mass
concentrations or mascons. Accurate
gravitational maps of the Moon will enable future
Moon missions to be safer and more precise.

Getting the two spacecraft where they
needed o be, when they needed to be there,
was extremely challenging. It required a set of
manoeuvres never before carried out in solar
system exploration missions.

The two GRAIL spacecraft were near-twins, each about the size of a washing machine, with minor
differences resulting from the need for one specific spacecraft (GRAIL-A) to follow the other (GRAIL-B)
as they circled the Moon at a height of 55 km. They each described the same polar orbit lasting
113 minutes.

The on-board Lunar Gravity Ranging Systems measured changes in the distance between the two
spacecraft down to a few microns - about the diameter of a red blood cell. That's not bad, considering
they were flying 150 km apart.

Each spacecraft carried a set of cameras for MoonKAM (Moon Knowledge Acquired by Middle
school students). This was the first fime a NASA planetary mission had carried instruments expressly for an
education and public outreach project. Among other things, these cameras recorded the final crash site
at the end of the mission.

The two GRAIL spacecraft communicated with each other and Earth through antennas. In this way
they could record any changes in the distance between them. One of the antennas on each craft was
mounted on the sunny side of the spacecraft and another on the dark side. The sunny-side anfennas
pointed to Earth during the full moon and the dark-side antennas pointed fo Earth during new moons.
This system avoided the need fo rotate the antennas mechanically during the mission. Any changes
would have altered the spacecraft’'s centre of mass and disturbed the measurements.

The mission lasted for about a year, terminating at the crash site, Sally Ride, in December 2012.

Source: NASA: GRAIL Mission overview, July 12, 2011 (http://www.nasa.gov/mission_pages/grail/overview/index.hfml#)

Questions

1 What do the acronyms, GRAIL and MoonKAM, stand for?
2 What was the purpose of the GRAIL mission?

3 Why were two spacecraft used for this mission?
4

Describe how measuring the distance between the two craft enables the local value of g to be
calculated.

5 The moon has a mean radius of 1.74 X 103km. Calculate:
a the orbital speed of the GRAIL twins
b the orbital acceleration of the GRAIL twins

6 Do some more research and find out why NASA launched this mission in the first place. Why would it
be useful to have a map of the moon'’s gravitational field?

NASA/JPL-Caltech/MIT

A Figure 1.22 An artist’s impression of the twin spacecraft
that comprise the GRAIL mission
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WORKED EXAMPLE 1.9

A 0.20 kg object is whirled in a vertical circle on the end of a string of length 0.60 m. The speed of the object is

aconstant 3.0 ms™.
a What is the tension in the string at the top of the circle? (3 marks)
b Calculate the tension in the string at the bottom of the circle. (3 marks)

Answers Logic
a Afthe top: Correct analysis of forces. 1 mark
Fog=T+mg
”2
T + mg =m—
r
T=m”
=m-—tmg Rearrange for 7. 1 mark
-1)2
= T =020kg x SOMSD  550kg x 9.8ms2
0.60m Correct substitution and 1 mark
7 — 10N orrect substitution and answer.
b E,=T—mg Correct analysis of forces. 1 mark
2
T —mg = mZ-
r2 Rearrange for 7. 1 mark
v
T =m—+mg
r
-2
o 7 =02kg 89MS D | gogkg x 9.8m s
60m
r=50N Correct substitution and answer. 1 mark
Try these yourself
A rock with mass 1.5 kg is being whirled in a vertical circle on a string 0.80 m long. The speed
of the rock is constant. At the top of the circle, the tension 7'in the string is zero.
a Find the speed of the rock. (8 marks)
b Find the tension in the string when the rock is at the bottom of the circle. (8 marks)
Remember that

Going around corners

In order to travel around a circular path such as running around the bend in a 200 m race

or driving a car around a corner, you must push outwards on the ground. The ground will
push back on you (Newton’s third law) towards the centre of the circular path you are taking.
Remember that the contact force has two components: the parallel friction component and the
perpendicular normal component. When you drive a car, it is the friction force that acts on the
tyres in the direction of the car’s motion that makes the car go forwards. When you apply the
brakes, it is again the friction force, this time acting in the opposite direction, which slows the
car down. Without friction, the tyres would slip against the road, the wheels would spin, and
you wouldn’t be able to start or stop.

When you want to drive around a corner on a flat road, the tyres must push down at an
angle to the horizontal. The ground then pushes back with an equal and opposite force. It is
friction, or the parallel component of this reaction force, that supplies the centripetal force
needed to make the car go around the corner. Hence when a car corners on a flat road, for the
part of the corner that is approximately circular we can say that:

2

v
P:: = Eriction =m
r

9780170242110

friction and the
normal force are

two components of
the same force - the
contact force that
one surface exerts on
another surface.

Think carefully about
the direction of
friction forces. Friction
acts to oppose the
relative motion of
surfaces in contact,
This does not always
mean that it ‘acts to
oppose motion” as
you may have heard.
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Figure 1.23

Forces on a car
cornering on a
frictionless banked road.
The net force is the
horizontal component of
the normal force.

We can see from this that the ability of a car (and its driver) to successfully negotiate a corner
depends on how sharp the corner is and how fast the car is going. The faster the car is going, the
greater the frictional force required, and the force increases with the square of the velocity. There is
a maximum friction force that the road can exert on the tyres. Therefore, slowing down for a corner
can make a big different between staying on the road and having an accident. The maximum
friction force is significantly reduced by water, mud or oil on the road, and by worn tyres.

Cornering on a banked road

If a vehicle travels around a corner on a banked road and it maintains the same radius of
curvature, it travels horizontally. In this case, there must be an inwardly directed net force, Fo
acting on the vehicle.

There are at least two forces acting on the vehicle. These are its weight, due to gravity,
and the contact force due to the road acting on the tyres. Air resistance or drag may also be
important if the car is going fast. Again, consider the contact force as two components; the
normal force and the fiction force. For this analysis we shall make the simplifying assumption
that only the weight and normal forces are significant.

The forces applied to the vehicle are therefore:

» normal force, NV

+  weight force, ¥
The vector sum is:

Fu =N + o
From Figure 1.23:
Fnet Fnet
= — = tanb
w mg

= Fu« = mgtan0

NcosO=w

Nsin6

The weight force acts vertically downwards, and so cannot contribute to the centripetal force,
which is horizontal. It is therefore the horizontal component of the normal force that provides
the centripetal force.

We know that the vertical component of the normal force must be equal to the weight:

Ny = Ncosb = w

SO:
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The centripetal force is then:

F.= Ny = Nsin® = #sin0 — 00
cosO

Recalling that w = mg, we have:

1)2
F. = mgtan® = m—
B
This analysis assumes no friction force. The friction force is of course never really zero.
In this example, the friction force may act parallel to and up the slope, or down the slope,
depending on the speed of the car. If the car is going very slowly, the friction force acts up
the slope, preventing (or slowing) the car from sliding down the slope. If the car is going very
quickly, the friction force may act in the opposite direction, pushing the car up the slope.

WORKED EXAMPLE 1.10

The carin Figure 1.23 has a mass of 1500 kg. It is fravelling horizontally at 20 m s around a bend that is banked
at 10° to the horizontal.

a What is the normal force acting on the car? (3 marks)
b What is the net force acting on the car? (2 marks)

¢ What radius of curvature must the road have so that the car can turn the corner with no friction force
acting? (3 marks)

Answers Logic
a Ncosh=mg Correct equation used. 1 mark
m
N = cofe Rearrange for N. 1 mark
N = 1500 kgx 9.8 m s2
cos10°
N =1.49 x 10N Correct substitution and answer. 1 mark
b F_ =mgtane Correct equation used. 1 mark
E_, =1500kg X 9.8 ms2 X tan10°
= 2.59 X 10® N fowards centre of curve Correct substitution and answer. 1 mark
2
c F,= m Correct equation used. 1 mark
7
2
r= ?v Rearrange for r. 1 mark
net
-1\2
=>r= 1500kg X (20 ms ) Correct substitution and answer. 1 mark
2.59 X 10°N
=232m

Try this yourself

A car moving at 17 m s7' enters a curve with a radius of 150 m. What is the ideal angle of banking (6 marks)
for this road so that the horizontal component of the normal force on the car is equal to the

centripetal force required to maintain the car’s circular motion? Why is the mass of the car not

needed for this calculation?
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Figure 1.24 A

The net force on a car
on the crest of a hill is
the vector sum of the
normal force and the
weight force. The normal
force can be zero if the
speed is great enough.

w

Figure 1.25 A

The net force on a car
in a dip in the road is
upwards. It is the vector
sum of the normal force
and the weight force.

30 NELSON PHYSICS UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM

Vertical circular motion

A car of mass m, travelling at speed v, goes over the crest of a hill, as shown in Figure 1.24,
which we shall approximate as a part of a circular surface with a radius 7.
At the top, the net force is downwards to the centre of the circle:

E,=mg =N
3 _ _ 2
SF=W-N mg =N = m?
,

my*
= N =mg —

-

This means that there is a speed at which /V = 0, above which the car will leave the ground.
The speed at which this occurs depends only on the radius of curvature of the crest:

2

my——mg=0
r
2
’
= v =gr

o=z

At this speed the occupants would feel a moment of weightlessness (even
though they are not) as the car is in free-fall.
If the car goes through a dip, which can be approximated as part of a circular surface, at the
bottom, the net force is upwards towards the centre of the circle (Figure 1.25).

‘=N —mg
N —mg =m—
’
2
= N =mg + m—
,
Hence the normal force is much greater than g and you feel ‘heavier’ because the car seat
pushes up on you harder.
We have seen in this section that the centripetal force is the net force acting on an object
in circular motion. This force may be due to a single force, such as the normal force on a rotor
ride, or one component of a single force, such the horizontal component of the tension for an
object whirled in a horizontal circle. It may also be due to the sum of two (or more) forces, such
as the gravitational force and tension for an object whirled in a vertical circle on a cable. In each
of these cases, and in all others, the centripetal force is the ner force acting. When you analyse
circular motion you should be able to identify which forces add to give this net force. The
centripetal force is the result of forces acting, not a separate force, so it should never be added to
other ‘physical’ forces.

Remember that the centripetal force is the net force acting on an object undergoing
circular motion. You should never add the centripetal force to other forces to get a
total force — the centripetal force is the total force.

The centripetal force may be due to a single force, or the sum of two or more forces.
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QUESTION SET 1.4

Remembering
1 Describe uniform circular motion in your own words.
2 Why is an object that is undergoing uniform circular motion said to be accelerating?

Understanding

3 Aperson in a ‘rofor’ ride experiences a force directed towards the centre of the ride. Why does this
occur?

4  Give an example of when a non-physics student may cite ‘centrifugal force’ to explain what happened fo
them.

Applying
5 A car undergoing uniform circular motion going around a corner has a centripetal force F acting on it.
a In which direction is this force?

b Interms of F, what is the magnitude of the centripetal force if the car entfers the same curve moving at
twice the speed? Show your working.

6 A track for a very fast train cannot have curves with a small radius. Use an appropriate equation to show
why this is so.

7 What net force will need to be applied to a 70-tonne aeroplane that is turning with a radius of curvature
of 5.0 km and flying at 100 m s~'? What is the origin of this force?

Analysing

8 Show with a diagram why the tension in a string is greatest at the bottom of the circle when a rock is
being whirled in a vertical circle.

Reflecting
9 List examples of motion other than those mentioned in this chapter in which uniform circular motion
occurs or is occurring.
10 A stunt car goes through a loop, so that it follows a vertical circular path. Assume that the car has
approximately constant speed.
a Sketch a graph of:
i the weight force acting on the car as a function of time as it performs the loop.
ii  the magnitude of the normal force acting on the car as a function of time as it performs the loop.
iii the magnitude of the total force acting on the car as a function of time as it performs the loop.

b Explain how your graphs are possible, given that the weight and normal must add at all fimes to give
the total (centripetal) force.

Simple machines

Renaissance builders identified six types of simple machine:
lever, wheel and axle, inclined plane, wedge, pulley and screw.
Simple machines change the direction of the effect of a force
or change the effort needed fo achieve a result. The wheel
and axle enables a force at the perimeter of a circular object
to rotate the object about its central axis. The brilliant Florentine
master builder, Filippo Brunelleschi, used these to advantage in

Learn more about
i the Duomo and

the building of the dome of the great church of Florence, Santa Brunelleschi,
Maria del Fiore di Fiorenza, known as the Duomo. : the man who
i designed it.

Figure 1.26 »
The dome of the
Duomo in Florence, Italy

9780170242110 UNIT 3 CHAPTER 1: MOTION IN ONE AND TWO DIMENSIONS 31



Torque and rotation

We have seen that when a force acts on an object the object accelerates in a straight line in
the direction of the force. This is a referred to as translational motion. We have also looked at
uniform circular motion, which is type of rotational motion.

Imagine using a spanner to undo a bolt. You want the bolt to turn, but you don’t want to
move it sideways or up or down. So you want it to twist, but not to translate. Similarly, when
you open a door, you want to make the door rotate about its hinges. You don’t want the door to
come off its hinges and move up or down or go forwards or backwards. In these cases in which
we want rotation but not translation, we need to apply a torque to the object.

Torque is the rotational equivalent of force. To get a stationary object to rotate, we must apply
a torque. To get a rotating object to stop rotating, we must also apply a torque. The greater the
torque that is acting on an object, the greater the change in the rotational motion of the object.

A torque causes a change in rotational motion, and is due to a force acting on an
object at some distance from a pivot point or axis of rotation.

. The torque, 7, acting on an object due to a force, F, is given by
Figure 1.27 Vv

The torque applied to
the spanner by the hand
isT = rFsiné.

T = rFsin6

where r is the distance from the pivot point to the point at which the force acts.
The angle, 6, is the angle between the line joining the pivot point to the point of
application of the force, and the force itself.

F This is shown in Figure 1.27. Torque is also called moment,

particularly in engineering.

Torque has units of N m. These are the same units as work, which

9 we often write in units of ] because work is an energy. However torque
is not a type energy, even though it has the same units, so we never write
the units of torque as J. Energy is a scalar quantity, but torque is a vector
quantity. The direction of the torque vector is important because it
determines the direction of the resulting rotation.

To find the direction of torque, point the fingers of your right hand
in the direction of the line joining the pivot to point of application of the
force, as shown in Figure 1.28. Now cutl your fingers in the direction of
the force. Your thumb points in the direction of the torque vector, and
your fingers show the direction of the resulting rotation. It may seem

T

odd that the torque vector is perpendicular to the direction of rotation.
However, every point on a rotating object is changing the direction of
its velocity constantly, as we saw in circular motion. So it makes sense to
define the torque vector as perpendicular to the plane in which rotation
occurs. This is the only way that we can assign it a unique direction for
the whole rotating object.

From the equation for torque we can see that the greater the force,
the greater the torque. The greater the distance between the pivot and the
point of application of the force, the greater the torque. When the force
acts right at the pivot point the torque is zero.

The angle is also important. Think about using a spanner to undo a
bolt again. To get the maximum torque, you apply the largest force you
can, at the end of the handle furthest from the bolt. You apply the force
perpendicular to the handle of the spanner, as shown in Figure 1.29. The
angle in this case is 8 = 90° and the torque has its maximum value, T,,,
= 7F. If you pull or push on the handle of the spanner along the line of
the handle, then the angle is 6 = 0, and the torque is also zero, and no

Figure 1.28 A o ;
The right-hand rule for rotation is achieved.
finding the d|reoTT|on of The pivot point is the point about which the object rotates. We always talk about the torque
a torque

about a point, as the torque can be calculated about any arbitrary point on an object. The point
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we choose determines the distance . Often there is an obvious
choice, such as the hinges of a door, or some other point at which

a restraining force acts. If you try to balance a pencil on its end on
your desk (Figure 1.30a), it will rotate about its tip and fall over. The
tip is the pivot point. Sometimes we talk about an axis of rotation
rather than a pivot point. This just means we are thinking about

a three-dimensional object rotating about a particular axis. For
example, a bolt or screw (Figure 1.30b) rotates about a line along its
own long axis when it is turned with a spanner.

a b ’ Axis of
rotation

Pivot point

o1

A Figure 1.29

Torque is at a maximum
when the lever arm (1)
and the force (F) are
perpendicular.

<« Figure 1.30

a) The tip of the pencil
is the pivot about which
the pencil will rotate
when it falls. b) The bolt
rotates about a line
along its own long axis.

Right-handed thread

Most screws and bolts have ‘right-handed’ thread as shown in Figure 1.31. To remember
which way to turn them, point your right thumb in the direction in which you want the screw to
move - either info or out of the material. Your fingers then naturally curve in the direction you
should fturn the screw: clockwise fo tighten and anticlockwise to loosen. Note that a very small
fraction of screws are made with left-handed thread. These are generally used in applications
where the screw is part of a device that rotates, for example the rotating handle on an apple
slinky machine. This makes it less likely that they will come undone during normal operation

of the device. There are many right-hand rules in physics, you will meet other useful ones in
Chapters 4 and 5.

A Figure 1.31 You turn a screw a) clockwise to tighten it and b) anticlockwise to loosen it.

9780170242110

Torque is more
correctly given as the
vector cross product
of the vectorr and
the force F:

F=7xF
Vector cross products
are used offen in
physics, and are
discussed in more
detail in Chapter 4.
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WORKED EXAMPLE 1.11

A mechanic uses a spanner to tighten a bolt in a car. She uses a spanner with a handle 35cm long, and
applies a force of 95N perpendicular to the handle.

a What torque does she apply? (3 marks)

b If she applied the force at an angle of 45°, how much force would she need to apply to produce the same
torque? (4 marks)

Answers Logic
a t=rFsing Relate forque to given data. 1 mark
7=0.35m X 95N X sin (90°) Substitute values with correct units. 1 mark
7=33Nm Calculate final value and round to 1 mark

correct significant figures.
b 1=7rFsing Relate torque to given data. 1 mark
= T Rearrange for force. 1 mark
7sing
= & Substitute values with correct units. 1 mark
0.35 m X sin45°

F= 130N Calculate final value and round to 1 mark

correct significant figures.

Try this yourself

If 5O0Nm is the torque required fo turn the bolt, and the mechanic can exert a maximum force of (3 marks)
150N, what is the minimum length handle she needs on her spanner?

The distance 7 is often called the lever arm, and the longer the lever arm is, the greater the
applied torque for a given applied force.

A lever is any device that allows you to apply a force at one point to produce a larger or
smaller force at some other point. A seesaw is a simple example of a lever. When you sit on one
end, the seesaw rotates about the pivot in the middle because of the torque due to your weight.
This produces a force at the other end of the seesaw. The torque produced at any point along the
seesaw is the same. Hence, an object close to the pivot point experiences a greater force because
the lever arm is smaller here.

A lever is a device for amplifying forces. The longer the lever arm, the more the
force is amplified.

Most tools we use are actually levers or combinations of levers. When we wish to exert a
large force, we use a long lever arm between the pivot and the applied force, and a short lever
arm between the pivot and the load.

The torque applied at the long end is equal to the torque at the load:

Tapplied — rlf;pplied = rZand = Tload
Tools that are designed to take a small applied force and amplify it usually have a long

handle, and a short distance from the pivot to the load. Long-handled pruning secateurs are an
example of this.
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WORKED EXAMPLE 1.12

A small boy sits on a seesaw and asks his father to sit on the other end to balance it. The boy has a mass of
22kg and the seesaw is 4.4m long with the pivot at its centre. The father has a mass of 95kg.

a If the father sits down on the other end of the seesaw and lifts his feet from the ground, how much force is
applied to the boy? What will happen? (5 marks)

b Where should the father sit to just balance the boy’s weight? (4 marks)

Answers Logic
a el (DY father) = roo F(by boy) Relate the force applied by the father 1 mark
fo the force on the boy.
F(by father) = F(by boy) Recognise that 7tther = 700y 1 mark
Fi(by father) = wiginer = Mtatherg Recognise that the force exerted by 1 mark
the father on the seesaw is equal to
his weight.
F(by boy) = mianeg = 95kg X 9.8ms2 = 930N Substitute values with units and 1 mark

calculate final answer.

This force pushes upwards on the boy as the 1 mark
seesaw pivots. The boy’s weight (the gravitational

force downwards on him) is much less than this,

so he accelerates upwards.

b Thainer = Tooy The torques must be equal in this case 1 mark
FameF(DY father) = rooF(by boy) if the seesaw is not to rotate.
L _ Gy Fbyboy)) o . | mark
father F(oy fathen) earrange for rther.

(rboy mboy g) _ (rbcy mboy )

Ttather = Recognise that the force each applies 1 mark

(Mo &) Mhginer is equal fo their weight.
Tiather = (44mx22kg) _ 1.0m Substitute values with units and 1 mark
95kg calculate final answer.

Try these yourself

1 If the father sits closer fo the pivot than 1.0m, what will happen? Draw a diagram showing the (3 marks)
forces acting.

N

If the boy’s mother (62kg) now sits on the seesaw right at the opposite end from her son, is (8 marks)
there any point on the seesaw where the father can sit o balance it? If so, find the point and
show it on a diagram.

In Worked example 1.12, when the torques applied at each end of the seesaw are equal, the
seesaw balances. It does not rotate in either direction. We say that the seesaw is in equilibrium
because it is not accelerating in a straight line nor is it rotating.

Work and torque

Remember that when we apply a force, £, and move an object through a distance, s, we are
doing work:

W= Fs

The work done is the energy transferred to the object from the agent doing the work.
When we apply a torque, for example to one end of a lever, if the lever moves and pushes on
a load at some other point, we are also doing work. The work done is again equal to the force
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applied multiplied by the distance through which the force is applied. The lever acts to amplify
the force, so that the force acting on the load is greater than the force we apply. So it may at first
seem as though a lever can violate conservation of energy by allowing us to do more work at one
end of the lever than is done at the other end. However this is not the case.

Think again about the seesaw in Worked example 1.12. Imagine the father sits down at a
distance closer to the pivot than that needed to balance his son’s weight, before his son gets on
the seesaw. His son then gets on at the far end. The force applied by the son to his father (the
load) via the seesaw is

(£, )

— applied ’;pplied

PIoad

ﬁoad

This force is greater than the weight of the father if he is close enough to the pivot point,
and he experiences a net force and hence accelerates upwards. Figure 1.32 shows this. In some
time, the boy moves down a distance 4y, and the father moves up a distance Agpe. The triangles
shown in Figure 1.32(b) are similar triangles, so

Toad Proud
and therefore
(Fica Prgpiica)
Fog = —2= or  Fiou Dload = Eppned/?appued

h

load

The work done o7 the load, is equal to the work done 4y the applied force.

This means that although a lever allows us to apply a greater force to the load than that
which we apply to our end of the lever, we cannot actually move the load as far as we have to
move our end of the lever.

A lever allows a force to be amplified, but the force must be applied through a
greater distance to do the same amount of work as the larger force acting through a
shorter distance at the other end of the lever.

a Father
Father | movesup

Boy

Boy moves
down

Figure 1.32A ’
a) A boy and his father father
on a seesaw. b) The boy hather
goes down a distance 0

Aoy, the father goes )
up hrather.

hboy
Tboy
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WORKED EXAMPLE 1.13

A man is using a lever fo move a small water tank into position. He uses a rock as the pivot under a long length
of wood, and pushes the end of the wood under the tank so that its centre of mass is 0.80m from the pivot
point. The tank has a mass of 2560kg and the man lifts it through a height of 25cm. The lever arm between the
pivot and the man has a length of 3.5m.

a How much work does the man do on the water fank? (3 marks)
b What force does he apply to do this work, assuming the tank moves slowly at constant speed as it lifts? (4 marks)
¢ Through what distance must he apply this force? (3 marks)

Answers Logic
a Wontank = F5 = Wiarkhiank = Miankghrank Relate work to data given. 1 mark
Wontank = 250kg X 9.8ms2 x 0.25m Substitute values with correct units. 1 mark
Wontank = 610J Correct answer given. 1 mark
Note that Wonankis the work done on the tank, it is
an energy and has units of J, Wian is the weight of
the tank, it is a force and has units of N, 1 mark
b  Foanrman = WiankZtank The torque applied by the man must 1 mark
be equal to the torque applied by the
weight of the tank.
W,
Frnan = Wi fgn) . (Mors L) Rearrange for Fran. 1 mark
rman rmon
-2 1 mark
Froan = 250kg x9.8ms = x 0.8m Substitute values with correct units.
3.5m
Fran = 560N Correct answer given. 1 mark
This force is much less than the weight of the tank,
which is 2500N!
c Whyman = Wontank Apply law of conservation of energy. 1 mark
Fmonhmon = Wontank 1 mark
W n tank
Brnan = —2— Rearrange for Aman. 1 mark
hman = 610J _ 1.1m Substitute and calculate final answer 1 mark
560N
You could also use the ratios of the lever arms and
the heights fo solve part c.
Try these yourself
A girl (25kg) sits on one side of a seesaw, 1.8 m from the pivot. Her brother pushes on the other (8 marks)

end so that she is slowly lifted 0.75m up before the seesaw bumps against a stop and she stops
moving.

a How much work is done on the girl?

b If the brother applies a constant force of 180N, at what distance from the pivot must he be
pushing down on the seesaw?

¢ How far down does he push the seesaw at his end?
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Remember that
the normal force is
the perpendicular
component of

the confact force
between surfaces.
It is only vertical
when the surfaces
are horizontal. The
parallel component
is the friction force.

Figure 1.33 »

a) N = wfora block at
rest on a table.

) N + FappiieaSin® = w for
a block being pulled at
constant velocity.

Some students think
that the normal force
is always equal fo the
weight of an object.
This is not frue. It is
only the case when
no other vertical
forces are acting.
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When no net force and no net torque acts on an object we say that the object is in
equilibrium.
No net force does not mean that no forces are acting. It means that all forces, when correctly
added as vectors, sum to give a zero total force. There are no unbalanced forces acting.

From Newton’s second law, F = ma, this means that the object has zero acceleration. Hence
it has constant velocity.

An object in equilibrium has constant velocity.

The vector sum of all forces acting on the object is zero: 3F = F‘ne‘ =0

This equation is extremely useful for analysing the forces acting on objects in equilibrium.
However we need to remember that forces are vectors, and add them as such. Often it is easiest
to break the forces into components and apply the equation of equilibrium in each direction
separately. When we do this, we use:

EFH =0 and EFV =0

where Fy are the horizontal components of all forces acting, and Fy are the vertical components.

Consider for example the block shown in Figure 1.33(a). When the block is stationary, the
only forces acting are the weight of the block and the normal force acting on the block, both in
the vertical direction. So we can write:

SF,=0, so N—-w=0,or N=w

Hence, when no other forces are acting and an object is not moving, its weight is equal to
the normal force acting on it.

Now consider the situation in Figure 1.33(b). The block is pulled along at a constant velocity.
Constant velocity means the block is again in equilibrium. In the horizontal direction, the forces
acting are the horizontal component of the applied force, F,ypiica,i = Fopplica €05 0, and the friction
force, Fhicion (the parallel component of the contact force). Hence:

2Fi =0, 50 Fippicac080 — Friciion = 0, 0r Fippiica €080 = Friciion

In the vertical direction, we have three forces: the normal force, N, the weight of the
block, w, and the vertical component of the applied force, Fyppicay = Fippiicasin 8. Applying the
equilibrium equation in the vertical direction gives:

SF, =0, so Fpptieasin® + N—w = 0, or Fpieasin® + N = w

We can see that in this case the normal force is no longer equal to the weight of the block.
The normal force is reduced because of the applied force.

a AN b Fapplied
S -~ 9_ -
TN
Friction
w w
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The condition that 3F = 0 is a necessary condition for equilibrium, but it is not sufficient.
It is possible that there is zero net force acting on an object and that it is not in equilibrium.
This can happen when the forces acting on an object are balanced, but they do not act along
the same line.

Consider the steering wheel shown in Figure 1.34. The hands exert equal and opposite
forces on the wheel, so there is no net force. However each hand also exerts a torque on the
wheel, and these torques add to give a total torque twice that of the torque due to one hand.

T=7rF+ rF=2rF

A pair of equal, opposite and parallel forces such as those shown in Figure 1.34 are
called a ‘couple’. They result in a torque called a couple moment on the object, which
causes the object to rotate but not translate.

Hence the steering wheel is not in equilibrium because its rotational state of motion is A Figure 1.34
h . Each hand exerts a force,
changing. F, on the wheel. The fotal

force is zero. Each hand

The second requirement for equilibrium is that there is no net torque: 3t =7 _ = 0. also exerfs aforque, © = rf.
net The fotal forque Ticia = 21f,

so the wheel rofates.

We shall use couples to
calculate the torque on
motors in Chapter 5.

WORKED EXAMPLE 1.14

A 35kg boy sits on a seesaw at a distance 1.6m from the pivot. The seesaw has a mass of 45kg, and is uniform,
with the pivot supporting it at its centre.

a Use the equations of equilibrium to find the forque that must be applied to prevent the seesaw rotating. (3 marks)

b If this torque is to be applied by a 25kg boy sitting on the seesaw, what normal force must be applied by the
pivot of the seesaw? (3 marks)

Answers Logic
a 3r=07m+7=0 Apply the equation of equilibrium for forque. 1 mark
T2 = —m = nk = rnmg Find an expression for torque in terms of 1 mark
data given.
7o = 1.6m X 35kg X 9.8ms=2 Substitute values including units and 1 mark
7, = 550Nm calculate final answer.
b XF=0, Fovot = Fi — F>» — Wseesaw = 0 Apply the equation of equilibrium for force, 1 mark

noting that all the forces are in the vertical
direction, so we can add them algebraically
(tfaking care with signs).

Fovot = Fi + Fo + Wieesaw= g + mog + mseesawg  FiNA an expression for the force in terms of 1 mark

data given.
= (Wl] + my + mseesqw)g

Foot = (35kg + 25kg + 45kg) X 9.8ms™? Substitute values including units and 1 mark
Foo. = 1.0kN calculate final answer.
pivot — 1.

Try these yourself
1 Afwhat point on the seesaw must the 25kg boy sit to balance the torque due to the 35kg boy? (3 marks)

2 Use the equations of equilibrium to show that the normal force acting on a table is equalto (3 marks)
the weight of the table when there is nothing on the table, but larger than the table’s weight
when any object is placed on top of the table. Use force diagrams.
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QUESTION SET 1.5

Remembering

1
2

Write the equation for torque and define all the terms used.
Write the equations for equilibrium.

Understanding

3

4

You are having difficulty undoing a screw. Should you use a screwdriver with a longer handle or a thicker
handle? Draw a diagram and explain your answer.

A person stands next to a table. Explain how they can apply forces to the table to:
a increase the normal force of the floor acting on them.
b decrease the normal force of the floor acting on them.

Why is it so much harder o hold a heavy bag with your arm outstretched horizontally than fo hold it close
to your body?

Applying

6
7

8

How much force must be applied at a distance of 35cm from a bolt to produce a torque of 250Nm on the bolt?

If a forque of 250Nm is applied to a 1.0cm thick bolt that is embedded in wood and the bolt does not
turn, what frictional force is acting on the bolt due to the wood?

A car is moving at constant speed down an inclined road at an angle of 12° to the horizontal. The car has
a mass of 1500kg and experiences a drag force of 250N.

a Calculate the normal force acting on the car’s tyres due to the road.
b Calculate the friction force acting on the car’s tyres due to the road.
¢ Draw a diagram showing all the forces acting on the car.

Analysing

9

10 The 15kg wheelbarrow shown in Figure 1.35 is in

A hammer uses a torque fo effectively hammer a nail into a piece of wood. Explain, with the aid of
diagrams, why this is the case. Hint: Consider what you do with your wrist and arm when you use a hammer.

equilibrium. The weight acts through the centre of
mass, a distance 65cm from the pivot as shown.
A force of 100N is applied fo the handle at 60° to
the horizontal. Use the equations of equilibrium to
calculate:

the normal force acting on the wheelbarrow due to
the ground.
the friction force acting on the wheelbarrow due to
the ground.

the distance between the pivot (the wheel) and the N
applied force. A Figure 1.35

Fy

pplicd = 100N

A
>

F friction
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CHAPTER SUMMARY

+ Aforce is applied by one object on another: F(by AonB)

+ Forces are vectors. In vector diagrams forces are drawn pointing away from the point of application. Vectors
are added and subtracted geometrically.

+ Newton 1: If the vector sum of all forces acting on an object is zero, then its velocity remains constant,
including zero velocity.

XF(on object)
m

+ Newton2: g =

+ Newton 3: F(by A on B) and F(byB on A) are equal in magnitude, opposite in direction, have the same
fundamental nature AND each force acts on a different object.

+ A gravitational field surrounds each mass and affects other masses.
+ The gravitational field near the surface of Earthiis g = 9 8Nkg”' = 9.8 ms-'.

+ Near Earth, the weight force, w, applied by Earth’s mass on a mass, m, is w = mg.

+ Projectile motion can be resolved info independent vertical and horizontal components that can later be
combined. B
For initial launch velocity, u:

- Horizontally: v, = u,_ = ucos8 = constant; thus, x = u,t
- Vertically: v, = u, = usin®
v, =u, +df
2 — ()2
v =ul +2gy

1
y=ut+ 597‘2

+  For motion along an inclined plane, components are taken parallel and perpendicular to the plane,
- Parallel fo the plane, the component of the weight is F, = mgsine.

- Perpendicular to the plane, the component of the weight is F, = mgcos6 . The normal force has the
same magnitude but opposite direction.

+ For an object travelling in a circle of radius, r. at constant speed, v, in a time interval, T

_ 2ar
T
2wv _ Adw?r V2
QS —=—=—=—
T Iz r
- netforce, F. is the sum of real forces such as weight, normal force, tension, friction:
2wV An?r v?
/:nefzmaczmszfz =m—
,

- Torque is the equivalent of force for rotational motion. Torque relates to forces that are applied at positions
ofher than the centre of mass:

T=rF =rFsin®
+ A non-zero net forque causes rotafional motion.
+  Many tools are levers that use forque to change the magnitude and direction of a force.

+  For an object to be in equilibrium two conditions must be met:
F.,=0andz_, =0
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CHAPTER GLOSSARY

action-at-a-distance non-contact force; one
object experiences a force due to the presence of
another object that is not fouching it

centripetal centre-seeking; applied to force and
acceleration on and of objects moving with uniform
circular motion

component the part of a vector pointing in a
particular direction (usually horizontal or vertical)

contact force a force applied to an object by
another object having physical contact

couple moment the forque or moment resulting from
two equal but opposite forces acting on an object
equilibrium having a constant state of motion;
acted on by no unbalanced forces or tforques
friction the component of the contact force

between surfaces which is parallel to the surfaces,
and resists relative motion of the surfaces

lever arm the distance between the point of
application of a force and a pivot point

moment see forque

net force the resultant of all the forces acting on an
object

normal force a reaction force perpendicular to the
surface; a component of the contact force

radius of curvature the radius of a curve that is an
arc (part of a circle in shape)

tension the pulling force applied to an object by a
string or cable

torque the turning effect of a force; the product of
force and distance from the axis of rotation or pivot
to the point of application of the force; also called
moment

unbalanced force when the resultant of two or
more forces acting is not zero, i.e. 3F# 0

uniform circular motion circular motion with
constant speed

vector a quantity that has magnitude and direction

CHAPTER REVIEW QUESTIONS

Remembering

1 What is the horizontal acceleration of a projectile?

Define equilibrium.

2
3 Why are long-handled tools generally more effective than short-handled tools?

4 What general expression can be used to find the horizontal component, u, of a projectile’s initial velocity?
5

What is meant by the ‘tension’ in a rope?
6 Define ‘centripetal acceleration’?

Understanding

7 At the bottom of a rollercoaster ride, the people on the ride feel much heavier than usual. Draw a diagram
to show the forces acting and then explain the reason for this sensation.

8 Explain why it is accepted that an object undergoing uniform circular motion is accelerating.
9 Why are the speed limits on windy, curved roads reduced?

10 Why do equal but opposite forces that act along the same line, even if that line does not pass through the
pivot point, not result in a forque? Draw a diagram fo explain your answer.

11 Explain why curved railway tracks are usually banked towards the inside of the curve. Use a force vector

diagram to illustrate your answer.

Applying

12 A ballis thrown vertically upwards at 35 m s,

a What is the maximum height reached by the ball?

b How long will the ball take to reach this height?

13 A golf ballis struck at 45 m s7' and an angle of 15° above the horizontal.
a What is the vertical component of the ball’s initial velocity?
b Will the ball pass over the head of a 2.0 m high golfer standing 50 m away?
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14 The bottom of a rollercoaster ride has a track with a radius of curvature of 28 m. The ride passes this point
with a speed of 12 m s7'. What is the normal force on a 50 kg person by the ride’s carriage?

15 A car goes over a crest in the road that has a radius of curvature of 34 m. At what speed will the car lose
contact with the road?

16 A spanner is used to apply a torque of 500 Nm to a nut.
a What minimum force must be applied to achieve this forque if the handle of the spanner is 45 cm long?
b What minimum force must be applied if it is applied at an angle of 25° to the handle?
17 A projectile is fired from ground level at an angle of 45° above the horizontal with a speed of 38 m s.
a Find the horizontal and vertical components of the projectile’s initial velocity.
b Find the time of flight for the projectile, assuming it is fravelling over level ground.
¢ Find the horizontal distance (the range) of this projectile.

18 A 2.0 kg rock is being whirled around in a horizontal circle held by a 0.70 m long string that will break if the
fension in the string exceeds 38 N. Find the shortest period, T, for the motion of the rock just before the string
breaks. Model the string as approximately horizontal.

19 A train goes around a bend of radius 350 m that is banked at an angle of 8.0°. At what speed should the
frain travel around the bend?

Analysing

20 A girlis swinging on a maypole in a playground as shown in Figure 1.36.

20°

Centre of r
mass of girl

«Figure 1.36

The girl has a mass of 36 kg and when she is moving with a speed of 2.0 m s the light rope makes an
angle of 20° with the vertical. Consider the motion of the centre of mass of the girl, which moves in a
horizontal circle of radius r.

a What is the vertical component of the fension in the rope?

b What is the horizontal component of the tension in the rope?
c What is the tension in the rope?

d What is the net force acting on the girl?

e What is the radius of the circle?

21 How many times more centripetal force is required to act on a vehicle moving around a curve with a radius
of curvature of 200 m compared with a curve with a radius of curvature of 400 m if the vehicle is travelling
safely at the same speed?

22 A projectile is fired at an angle of 20° above the horizontal. Another projectile is fired at the same speed at
an angle of 70° above the horizontal. Show that the horizontal distances travelled by both projectiles is the
same.
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23 A balancing bird toy (as shown in Figure 1.37) can balance on a finger. Model the bird as being made of
three parts: the body and two wings. Draw a diagram showing the forces acting on each part of the bird,
and the torques resulting from these forces. Write the equations of equilibrium for the bird based on the
forces and torques shown in your diagram. Explain how the bird balances.

A Figure 1.37

Reflecting
24 How has the content of this chapter assisted you in your understanding of the causes of car crashes that
occur on a bend on a country road?

25 Make a spider diagram for all the physics you have learnt in this chapter which has helped you understand
how a car works. Include all the relevant forces you can think of, as well as tforques. Draw a diagram
showing where the different forces and torques act.
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CHAPTER 2
GRAVITY

By the end of this chapter you will have covered the following material.
Science Understanding

+ The movement of free-falling bodies in Earth’s its potential energy changes, work is done
gravitational field is predictable (ACSPH093) on or by the field (ECSPH096)

+ All objects with mass attract one another + Gravitational field strength is defined as the
with a gravitational force; the magnitude of net force per unit mass at a particular point
this force can be calculated using Newton'’s in the field (ACSPH09T)

Law of Universal Gravitation (ACSPH034) - Newton’s Law of Universal Gravitation is used

+ Objects with mass produce a gravitational to explain Kepler's laws of planetary motion
field in the space that surrounds them; field and to describe the motion of planets and
theory attributes the gravitational force on other satellites, modelled as uniform circular
an object to the presence of a gravitational motion (ECSPHI01)
field (ACSPH095)

+ When a mass moves or is moved from one
point to another in a gravitational field and @

Shutterstock.com/Brian A. Jackson
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Figure 2.1 A
Galileo Gallilei

Kinematics was
studied in Nelson
Physics Units 1T & 2
for for the Australian
Curriculum.
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Figure 2.2 A
Monument to Tycho
Brahe and Johannes
Kepler in Prague

TYCHO BRAHE
JOHANNES KEPLER
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Why do things fall to the ground? To us, this seems obvious: gravity pulls things down towards
Earth. For Aristotle (384-322 BCE) and his contemporaries, the answer was also obvious:
things fell to the ground because they were made of earth, and earth naturally moved towards
Earth. They had a kind of heaviness or gravitas that enabled them to fall straight down. In
Aristotle’s world, there was no need for our modern concept of gravity.

A long appraisal of Aristotle’s ideas led to the emergence of a way of understanding motion
that we would now recognise as kinematics — the relationship between measurements of distance
and time. It was not until the fifteenth and sixteenth centuries that experiments on projectiles
and the motion of falling objects were carried out. The most significant of these experiments
were undertaken by Galileo (1564-1642 CE). He showed experimentally that falling objects
accelerated more or less uniformly towards Earth.

In 1687, Newton (1643-1727 CE) finally showed how an inverse-square law of
gravitational force could account for this acceleration. This law was ‘universal” because it
incorporated all motion, from Earth to the ends of the universe.

Newton’s gravity was built on the impressive measurements of Tycho Brahe (1546-1601 CE)
and the mathematical interpretation of these data by Johannes Kepler (1571-1630 CE).

Earlier work by Nicolaus Copernicus (1473-1543 CE), itself indebted to the accuracy of
Muslim astronomers, such as Muhammad al-Battani (c. 868-929 CE), and Galileo on the
motion of the planets around the Sun, as well as data from the Royal Observatory at
Greenwich (1675 onwards) contributed to Newton’s confidence in the universality of his
gravitational theory.

Newton’s universal gravitational law remained undisputed until Albert Einstein
(1879-1955 CE) made significant modifications in his 1915 paper on general relativity.
These changes, and the upsurge in high-quality astronomical observations — Earth-based
and from space — during the last hundred years have hugely enhanced our knowledge
of the universe. Theories of dark matter and dark energy are significantly based on our
understanding of gravity.

Universal gravitation

Edmund Halley (1656-1742 CE), Robert Hooke (1635-1703 CE) and
Newton all recognised that the elliptical orbits of planets, first described by
Kepler, could be explained by a force that depended on distance from the Sun.
Newton coined the word ‘gravity’ to name this force. He wrote to Halley:

‘Tt is now established that this force is gravizas, and therefore we shall call it
gravitas from now on.” We see here that Newton used the Aristotelian idea of
‘heaviness’ to describe what we now refer to in

English as gravity.

In 1687, Newton published Philosophiae Naturalis Principia Mathematica in
which he described the law of universal gravitation.

We can imagine that every mass has a gravitational field, g, surrounding it.
This field reaches to infinity. The gravitational field of a mass, M, exerts a force
on another mass, 7, as shown in Figure 2.5. When the masses are not in contact,
the force is an action-at-a-distance force. We say that the force is mediated by
the field.

When measuring the local value of the gravitational field due to M, we try

not to disturb the field too much by a large mass, so we use a small test mass. The
force on the small test mass, 72, due to the gravitational field of M causes 7 to
accelerate. It is this acceleration that is the field strength:

_ F(by M on m)

Em "

As force is a vector, field is a vector that points in the same direction as the gravitational force.

46 NELSON PHYSICS UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170242110



PHILOSOPHIA
NATURALIS

PRINCIPIA

MATHEMATICA.

AUCTORE
ISAACO NEWTONO, Eq Aur.

=

2 Editio tertia au&ta & emendata.
]

S

o

z LONDINI:

5 Apud Gurt. & Jou. Innys, Regiz Societatis hos.
‘é MDCC XXVL i 2
Z

o]

o

A Figure 2.3
Sir Isaac Newton

A Figure 2.4
Philosophiae Naturalis Principia
Mathematica, 1686, by Isaac Newton

Cravitational force and gravitational field are models that explain action-at-a-distance.

* Gravitational force is modelled as acting at the centre of mass of an object.

* Gravitational field is modelled as the force per unit mass, directed towards the
centre of mass of an object.

* Gravitational force and gravitational field are vectors.

The gravitational field has the units of N kg™, which, as we have seen previously, is the same
as the units of acceleration, ms™. Thus, if we can measure the acceleration of a mass placed near
M, we can find the value of the gravitational field.

Newton showed that the gravitational force, which would keep the planets in their orbits,
was an inverse-square law.

The force by M on m was dependent on both masses, as well as the inverse of the square of
the distance, r, between m and M. The distance, 7, is measured from centre of mass to centre
of mass of objects. Thus:

Mm

’,2

F(byM onm) =G

It follows from the definition of gravitational field that the field of M at distance » from M is
given by:

7

Notice that the field associated with M does not depend on the mass 7 in the field. The
gravitational field due to M exists whether we put another mass nearby or not.

9780170242110
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HISTORY OF
GRAVITY

Read about the
history of gravity
and the people
behind the
advances in our
understanding.

A Figure 2.5

The gravitational field
surrounding a mass, M, is
the acceleration of m

You saw in Nelson
Physics Units 1 & 2
for the Australian
Curriculum Chapter
11 that an inverse-
square () distribution
is characteristic of
any point-like or
spherical source
because of the
symmetry of the
source.

The gravitational
field near Earth is
92.8Nkg'. This means
that all objects,
independent of their
masses, fall at the
same acceleration,
9.8ms=2. This result
was used in Unit 2
and in the previous
chapter.
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Field models are
powerful tools that

have excellent F(by Monm)=G Mm

Newton’s law of universal gravitation:

explanatory and r?

predictive power. The

gravitational field Gravitational field surrounding a mass, M:

model will be joined M

by field models of g=G pry

elecfromagnetism

and the strong and Cravitational field strength is measured by finding the acceleration of a small test
weak nuclear forces. mass in the field.

Units of gravitational field: Nkg™' or ms™2

@ Isaac Newton and the Black Death

i GRAVITY In 1665, while Newton was studying at Cambridge University near London, an outbreak

’ of the Black Death, or bubonic plague, swept through London and Cambridge. The

i Watch this short o . . .

lanation of university was closed, sending Newton back to his mother’s apple orchard, where he
exp - spent many hours contemplating, among other things, the path of the Moon in its circle
gravity. i around Earth. He concluded that the force that made an apple fall to the ground is the
same force that keeps the Moon in its orbit. Newton returned to Cambridge, but it was to
be another 22 years before he finally published his law of universal gravitation.

§séTnR:\7|ﬂH ofF i Newton’s third law and universal gravitation

i The Cavendish :
i experimentwas Mo
i the first to measure | FbyMonm) =G
i the strength of :

i the gravitational
i constant G. But, what about the force applied by 7 on M? This force has the same magnitude:

U PPN N

We have seen that the field due to M acts on a mass, m (Figure 2.6), with a force:

7'2

mM

7'2

F(bymonM)=G

No matter how much This is just what Newton’s third law describes. Recall that for two masses, the gravitational forces:

you may be tempted « are equal in magnitude
fo add these two « are opposite in direction
gravitational forces

- « have the same fundamental nature
to make zero, this

is not possible. AND

Adding forces is what « each force acts on a different object.

Newfon’s second

law describes. But The acceleration of # is the field strength of M at distance r: g, = G—

Newton’s second law r

refers f'o forces,aCh ng The acceleration of M is the field strength of  at distance - g, = G ua

on a single object. " r?

These forces act on

different objects, m Thus, m and M accelerate at different rates, but the magnitude of the force applied to each
and M respectively; is the same. For example, the gravitational field of Earth acts on a 100 g apple with a force of
thus, they cannot be 0.98 N. The apple accelerates at 9.8 ms™2. The apple acts on the Earth with the same force,
added. 0.98N, but Earth’s mass, approximately 5.97 X 10**kg, will not accelerate very much!

The universal gravitational constant, G

In 1798, seventy-one years after Newton’s death, Henry Cavendish (1731-1810) measured the
value of the constant of proportionality, G, in Newton’s law of universal gravitation. He placed
very massive lead balls near two very much smaller balls at the end of a long rod, as in Figure 2.7.
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The forces applied to each of the smaller balls caused a rotation of the rod. This rotation was
opposed by the metal suspension line. The amount the suspension line rotated was used in the
calculations to find G.

Cavendish measured the value of G to within about 1% of the currently accepted value:

G = 6.67384 X 10" Nmkg

E§

i CAVENDISH
: AND THE
: VALUE OF G

Learn about
i the Cavendish

i experiment.
| Melpension :
line
M,
F(by Mon m) F(by mon M) e "2
my
r M,

A Figure 2.6 A Figure 2.7
The force by one mass, M, on the other mass, Cavendish’s measurement of the
m, is the same magnitude, but oppositely universal gravitation constant, G.
directed, to the force applied by mon M.

WORKED EXAMPLE 2.1
What is the gravitational force of attraction between Earth and the Sun? (2 marks)
+  Mass of Earth: 597 x 10%*kg
+ Mass of the Sun: 2.0 x 10%°kg
+  Radius of Earth’s orbit around the Sun: 1.5 X 10""m
Answer Logic
F= GMm Force of attraction between Earth 1 mark

r? and the Sun is given by an equation.

30 24
= 6.67 X 107""Nkg m2><(2'0 X 107k9)(5.97 x 107 kg) Substitute the correct values with units. 2 mark

(15 x10"mYy

= 3.6 X 102N Calculate the answer.

Try this yourself

7 mark

Given the mass of the Moon is 7.35 x 10%?kg and its mean orbital radius about Earth is 3.84 x 108m, (2 marks)

find the gravitational force of attraction between Earth and the Moon.

The hunt for gravity waves

Einstein’s theory of general relativity describes gravity as an artefact of the warping of

the fabric of space-time by the presence of a mass. This can be visualised by thinking of
space-time as the surface of a trampoline and a mass as being a person standing on the
frampoline. The stretching of the frampoline means that a ball will roll around the person

in the same way that an object moves around a mass in space. When events such as

two black holes colliding occur in the universe, it is believed that ripples in space-time will
spread out, rather like ripples on the surface of a tframpoline. Australian physicists are looking
for variations in the precise signals from pulsars received by the Parkes radiotelescope in an
effort o detect gravity waves and test the theory of general relativity.

9780170242110
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QUESTION SET 2.1

Remembering

1 Define ‘gravitational field’. How does gravitational field differ from gravitational force?
2 a Write an algebraic expression for:
i gravitational field.
ii gravitational force.
b What two variables defermine the acceleration due to gravity at the surface of a planet?

Understanding

3 ‘Gravitational field does not depend on the mass, m, in the field.” Explain this statement.
4 What is the difference between Aristotelian gravitas and Newtonian gravitas?

5 Two masses, m and M, are in an isolated system. The gravitational forces, F(by M on m) and F(by m
on M), are equal and opposite. Why do they not add to a zero net force?

Applying

6 Two masses, m and M, have a gravitational force of attraction Fwhen they are a distance r apart. What
is the force when this distance is increased to 4r?

7 What is the gravitational force of attraction between a 500kg satellite with an orbital radius of 7000km
and Earth? (Mass of Earth = 5.97 X 10% kg)

8 Whatis the acceleration of a rock dropped onto the Moon'’s surface? The radius of the Moon is 1700km,
and its mass is 7.3 x 10%2kg.

Analysing

9 Why could Cavendish claim that his experiment was ‘weighing the Earth’? Support your answer with
quantitative calculations. (Gravitational field strength = 9.8 N kg™, radius of Earth = 6370 km)

Reflecting

10 Are you satisfied that masses really do attract other masses by fields that stretch out to infinity? Explain.

Forces such as the
normal force and

the friction force are
manifestations of the
fundamental forces.
The friction force and
the normal force are
due to the inferaction
of electrons on the
surfaces of objects.

Field theory does not
explain why inferactions
are not instantaneous.
This limitation of

field theory was one
factor that led fo the
development of a
different model of forces -
the exchange particle
model. This model is
discussed in defail in
Chapters ? and 10.
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Gravity and fields

Each fundamental force (gravitational, electromagnetic, strong and weak) can be described as
acting via a field. These fundamental forces are all action-at-a-distance forces. They all allow
us to explain how one object is able to exert a force on a second object without being in contact
with it.

The gravitational field model allows us to explain how objects can exert forces without being
in contact. It also allows us to:
« predict the acceleration of an object in any gravitational field.

« calculate the mass of an object from the observed force it exerts on another object.
« calculate the mass of distant objects such as planets by observing their orbits about the Sun.

Measuring the acceleration of objects dropped on the surface of the Moon tells us about the
mass of the Moon. The radius of the Moon can be measured from astronomical observations,
and then combining the size and mass information tells us that the Moon has a density very
similar to that of Earth’s crust. This information was important in the development of modern
theories of the formation of the Moon. These theories say that the Moon was actually formed
when a massive object collided with Earth and a chunk broke off — that chunk stayed in orbit
and became the Moon.
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Gravity 'near Earth’

At Earth’s surface, we are always subject to the force of attraction applied to masses by
the mass of Earth. Unless otherwise constrained, all objects fall from a height to the
surface with an acceleration of 9.8 ms™. This is the effect of Earth’s gravitational field
on the masses.

‘Near Earth’ is an approximation. The field lines in a local area are very nearly
parallel to each other and very nearly strike the surface at right angles (Figure 2.8). Up
to several kilometres — well above the tallest buildings — the field strength varies by very
little. We say there is negligible variation in field strength over any local region.

The approximation that the gravitational field is constant is reasonable when close

1 N .
to the surface of Earth. The field decreases as = above Earth’s surface. Once an object

is at the height of the International Space Station (about 400 km), the gravitational
field is approximately 90% of that at Earth’s surface. For satellites that may be several
thousand kilometres above Earth’s surface, the near Earth approximation cannot be

used because g is substantially less than 9.8 ms™.

Earth

A Figure 2.8

The gravitational field is
perpendicular fo the surface and
directed to the centre of Earth.

Always think carefully
about your choice

of model and
approximations.

The uniform field
approximation for near
Earth is reasonably close
fo the surface of Earth.
However, it is not a good
choice for modelling the

behaviour of satellites.
WORKED EXAMPLE 2.2
What is the gravitational field strength on the surface of the Moon? (3 marks)
Use:
M: MASSyoon = 7.3 X 10%2kg
7. radiuSpeon = 1740km
Answer Logic
g= Gﬁz Use the correct formula. 1 mark
r
22
= 6.67 X 107" Nm? kg2 _7:3x10%kg Substitute the correct values with units. 1 mark
(1740 x 10°m)?
=16ms™2 Calculate the answer. 1 mark

Try these yourself

1 Whatis the gravitational field strength for a satellite orbiting Earth at an altitude of 36000km? (3 marks)

Use masseqin = 6.0 X 102kg; radiusegm = 6370km.

2 Earth’s gravitational field strength is 4.9ms—2 at a satellite. How far away from Earth’s centre (8 marks)

must the satellite be?
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ACTIVITY 2.1

THE INVERSE-SQUARE LAW

Aim

To model the inverse-square law

You will need

Access to a computer with Excel or another spreadsheet application installed

What to do

1 Incolumn A, list the numbers 1-10.

2 In column B, insert a formula so that the result is the inverse of the corresponding row in column A.
3 Incolumn C, insert a formula to square the value of the corresponding row in column B.

4 Insert a scatter graph for the values of columns C (the y axis) and column A (the x axis).

What did you discover?

1 What shape is the resulting line of best fit?

2 What does this relationship show for the values of the cells in columns A and C?
3 How does this model the relationship shown in the inverse-square law?

4 What is the mathematical relationship in an inverse-square law?

Weighing scales

such as kifchen and
bathroom scales do
not display weight:
they display mass.
They measure the
weight force and then
convert it info a mass,
which is displayed in
kilograms.

Weight, apparent weight
and weightlessness

Mass and weight are different. Mass is an intrinsic property of an object, which depends on
how many and what sort of atoms make up the object.
Weight is the gravitational force applied to a mass:

w=mg

It follows that weight depends on where the mass is placed in relation to other masses.

Our common experience of weight is related to the mass of Earth. The only significant
mass affecting our mass is the approximately 6.0 X 10* kg of mass below our feet. Weighing
machines measure the force applied by this mass, then convert it to a mass reading on the scale.
For example, a person with a mass of 50 kg will usually be measured by the weighing machine as

having a weight, w = 50kg X 9.8 Nkg™' = 490N; yet the scale will show 50kg.

Mass and weight are different.

Mass is a measure of how much matter (the number and type of atoms) in an object.
* Unit: kilogram, kg

* It does not vary with the position of the object.

Weight is the gravitational force acting on an object.

* Unit: newton, N

* It does vary with the position of the object.

The confusion that many people have between weight and mass comes from the way
in which we typically measure mass. When you measure your mass, you usually do so by
standing on a set of scales. If you stand still on the scales, on a still, level floor, Earth applies a
weight force on you: w = myg. You exert a force on the scales downwards: F(by you on scales).
According to Newton’s third law, the scales exert a force on you upwards: F(by scales on you).
This force is equal in magnitude to the force you applied downwards.
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The forces acting o7 you can be used to produce an equation for the net force (Newton’s
second law).
If you and the scales are in equilibrium, the net force on you is zero:

XF(onyou) =0
= N(by scales on you) + w(by Earth on you) = 0
= N(by scales on you) = —w(by Earth on you)

Hence we can deduce that, at equilibrium, the normal force exerted on you by the scales is
equal and opposite to the gravitational force by Earth on you: your weight. The normal force by
the scales on you, N(by scales on you) is the way we measure the force you applied to the scales,
N(by you on scales). As has been indicated, this is a consequence of Newton’s third law.

That is, the scales really measure the normal force that you exert on them: N(by you on
scales). Usually this is done by measuring the compression of a spring, or a piezoelectric crystal.
The scales are calibrated to convert this compression, which depends on the force, into a mass
that is displayed in kilograms. The actual calibration process of going from distance compressed
to mass can be quite complicated, but it takes into account the factor of g = 9.8 N kg™ in the
conversion. So the quantity that is displayed on the screen or pointed to on the scale is your
mass in kilograms. /z is not your weight.

We use the normal force on an object to measure the weight force on the object.
The mass of the object is then inferred from this measure.

The normal force is only equal to the weight if the following three conditions all
apply:

* The surface exerting the normal force is horizontal.

* No vertical forces other than weight and the normal force are acting on the object.
* The object being weighed is in equilibrium.

The normal force you exert on the scales may not be the same as your weight. You can, for
example, push up on a nearby table while standing on the scales. The table will then push down
on you, which will increase your normal force on the scales. Consequently, the scales will push
with a greater normal force upwards and you will apparently have a larger mass, hence weight.
Similarly, you can apparently decrease your weight by pushing down on the table.

Figures 2.9-2.11 show a man in a lift. Imagine that the man is standing on a set of scales.
The reading on the scales will change, depending on whether he is accelerating up or down.
His mass will not change. Nor will his weight — the gravitational force in Earth’s field — change
(except for the negligible change associated with change in distance from Earth’s centre).

We shall discuss each figure in terms of the forces applied to the man; that is, we shall infer

from changes to the mass reading that a change to the normal force applied to the
man by the scales, hence by the man to the scales, has occurred. In each case, the
force measured will be his apparent weight, as it is what the scales suggest. In the
static case, of course, his apparent weight is his true weight in Earth’s gravitational

N(by scales on man)

field. In the following we take down as the negative direction and consider the
magnitudes of the force.
Figure 2.9 shows the man in equilibrium, neither accelerating up nor down.

N(by scales on man) — w(by Earth on man) = 0 (Newton’s second law)

= N(by scales on man) = w(by Earth on man)

= The scales measure the weight of the man in Earth’s gravitational field.

w(by Earth on man)
Figure 2.10 shows the man accelerating upwards. .
A Figure 2.9
, In a stationary liff the weight
N(by scales on man) — w(by Earth on man) = ma (Newton’s second law) force and the normal force

are equal: N— mg = 0.
= N(by scales on man) = w(by Earth on man) + ma 9 g
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N(by scales on man)
a
N(by scales on man)
a
w(by Earth on man) w(by Earth on man)
Figure 2.10 A Figure 2.11 A
In a liff accelerating upwards, the In a lift accelerating downwards,
normal force is greater than the the normal force is less than the
weight: N = w + ma. weight force: N = w — ma.

= 'The scales measure an apparent weight that is greater than the weight of the man in Earth’s
gravitational field.

Figure 2.11 shows the man accelerating downwards.

w(by Earth on man) — N(by scales on man) = ma (Newton’s second law)

= N(by scales on man) = w(by Earth on man) — ma

= 'The scales measure an apparent weight that is less than the weight of the man in Earth’s
gravitational field.

Imagine now that the lift is in free fall. The man and the lift will be accelerating at the
same rate. The man cannot apply a normal force to the scales and the scales cannot apply a
normal force to the man. The scales will register zero: the man’s apparent weight will be zero and
he will experience apparent weightlessness. However, his weight in the field is still w = mg.

Your apparent weight is related to how you fee/ in an accelerating reference frame. Although your
weight in the field is still 2 = myg, you feel ‘heavier’ when you are being pushed upwards, and ‘lighter’
when you are accelerating downwards. In the limit that there is no normal force acting on you,
you feel ‘weightless’. This is the case when you are in free fall. In this case, you are falling with the
acceleration due to gravity because the only significant force acting on you is your weight. This is why
astronauts ‘float’ in space in the International Space Station. They are actually falling with the local

Figure 2.12 p

The crew of the
International Space
Station is apparently
weightless in their
environment.

Alamy/Universal Images Group Limited
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Scientific literacy: Testing the gravitational
inverse-square law

Henry Cavendish (1731-1810) was the first person to measure the universal 8
gravitational constant, G. He used a system of very large masses to attract N~
other, smaller masses. By a cunning arrangement involving a torsion balance, HENRY

he was able to deduce a value of G to 1% accuracy (Figure 2.13(a)). This was CAVENDISH
an extraordinary undertaking in the 18th century. Cavendish understood the H
importance of extraneous variables on the results. He took action to ensure these Find out about

effects were minimised. His accuracy was not bettered for more than 100 years! the first person
In order to achieve this result, Cavendish calibrated the torsion balance tfo measure

using known forces to twist the wire. He developed an empirical relationship the universal

between the angle of twist and the force applied by the wire in reaction to the gravitational

force applied to the wire. This is the force per unit twist angle. A torsion balance constant. i
makes use of forque. Torque is the rotational equivalent of franslational force. A e ¢
force, F, applied at a perpendicular distance, r,, from a point of suspension or

axis of rotfation causes a rotation or forque, . v = r F. For the forsion pendulum, K

the torques from both sides cause a twist. When the torsion wire is twisted \_)

enough its restoring force per twist angle is just equal to the combined forques g

of the two masses. The forces measured in this way are of the order of T0-'°N. EXPLANATION
Very much more precise equipment can now be used to measure the universal OF

gravitation constant. The current value of the universal gravitational constant is i CAVENDISH'S

G = (6.673 84 = 80) X 10" m3kg"'s2. ! EXPERIMENT

Will the law of universal gravitation always be true? Nothing seems more certain than the The apparatus

‘fact’ that there are three dimensions of space. But can we be sure that there are onlythree i Cavendish used to

dimensions? Imagine a fightrope walker balancing on a cable high above the ground.

To the tightrope walker the cable is effectively a 1D object. But an ant sees the cable as meosure.’rhe s

: . . : i of the universal

a 2D object, because it can crawl along and also around the cable. Today, increasing o

numbers of physicists are seriously questioning whether we are like tightrope walkers, i grow’ro’rlonql

unaware of the true number of dimensions in space. They suggest that the best way fo i constant Gis

discover the dimensions of space is to study how the gravitational attraction betweentwo i shown in fhis

objects depends on the distance between them. If the universe contains more than three | video. :

spatial dimensions our current laws of gravity should break down at small distances. Fresrenseesesssss “
One of the outstanding challenges in physics is to finish what Newton started and

achieve the ultimate ‘grand unification” of gravity with the other three fundamental forces (electromagnetic

force, strong force, weak nuclear forces) into a single theory. String theorists, for example, use 1D strings and

higher-dimensional ‘branes’ rather than familiar point-like particles. String theorists seriously entertain the idea

that there are actually six or seven additional spatial dimensions, which are needed to make the theory both

mathematically consistent and capable of describing gravity.

Adelberger, E., Heckel, B. & Hoyle, C.D. (2005) ‘Testing the gravitational inverse-square law’, Physics World,
April 2005, http://physicsworld.com/cws/article/print/2005/apr/03/testing-the-gravitational-inverse-square-law

Wikipedia/Creative Commons
Alamy/sciencephotos

Figure 2.13 A
a) Cavendish'’s skefch of his equipment and b) a modern precision instrument used to measure the universal
gravitational constant 6.67384 x 107" m® kg~ s72

>
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Questions

1 Draw a simplified diagram of Cavendish’s experiment to show the position of the large masses, the
smaller masses and the forces that lead fo the twisting of the torsion wire.

2 List the quantities that Cavendish measured. Show how these quantities relate to Newton’s equation:

mim;
r2

F=G

3 What is the percentage uncertainty in the currently accepted value of G? If you were to undertake
this experiment in a school laboratory would you be justified in using Cavendish’s result or the current
value? Give reasons.

4 Draw and label a diagram to show distances, forces and torques associated with a torsion pendulum.

5 How is the analogy between a person and an ant on a tightrope relevant to the development of
understanding about gravitational force? (Conduct further research if necessary.)

. WEIGHTLESSNESS |

i View videos

i of astronauts

i enjoying

i weightlessness.

Apparent

‘weightlessness’
occurs when the ; Lagranglan pOll‘I.tS

only force acting on

objects is weight!
| fields of Earth, Moon and Sun. One such point about 1.5 million km towards the Sun from

W

acceleration due to gravity (about 90% that of Earth’s surface g), but so is the spaceship in which
they are travelling. The spaceship can only exert a normal force on astronauts (or anything else)
when they push against it.

True weightlessness occurs when the gravitational field at a point is zero. For example, the
Moon exerts a gravitational force towards Earth and the Earth exerts a gravitational force towards
the Moon. Objects between the Moon and Earth and close enough to the Moon and far enough
from Earth will experience a zero net force. As the local value of ‘¢’ is zero, a mass at this point is
weightless (but not massless).

Lagrangian points are points in space at which peculiar things happen with the gravitational

Earth is known as L1. A spacecraft can be positioned here so that it orbits the Sun with the
same period as Earth. Earth’s gravitational field opposes that of the Sun’s sufficiently for this
to occur. The solar observatory SOHO is positioned at L1, among a few other observatories.
SOHO monitors the solar wind and can give us a few hours warning of the approach of
dangerously high levels of energetic particles before they hit Earth’'s magnetic field.

Other forces at a distance

Gravitational force is not the only force that acts at a distance. The other such forces are the
electrostatic forces between charged particles, the magnetic force that is easily observed using
magnets and compasses, and the strong and weak nuclear forces that act over very small distances
within the nuclei of atoms. Without these two forces atoms would not be stable, but they are not
detectable over distances usually encountered in everyday life.

When forces act at a distance, the force is a result of the objects involved interacting with
the surrounding field. It takes a finite time for the interaction to be transmitted from one object
to the other. The effect is not instantaneous, as is sometimes thought. Field theory does not
explain why interactions are not instantaneous. This limitation of field theory was one factor
that led to the development of a different model of forces — the exchange particle model. This
model is discussed in detail in Chapters 9 and 10.
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Case study

George Hobbs is a research scientist af the CSIRO Astronomy and Space Sciences division based in
Marsfield, Sydney. He has received the Young Tall Poppy. NSW Scientist of the Year award as well as

the CSIRO Julius Career Award. Included in his busy schedule is the Pulse@Parkes student program, by
which either school excursions can come to CSIRO or CSIRO can come to the school. The Pulse@Parkes
experience allows students to take control of the world famous 64 m Parkes radiotelescope for a 90-minute
session. During this time, signals from pulsars are received and the information stored, ready for analysis.
Pulsars are believed to be collapsed remnants of large stars that have reached the end of their lives as
stars. Gravity is so strong in these dense remains that matter as we know it collapses, forcing electrons
and profons to combine. The resulting material, made of neutrons, is millions of fimes more dense than
normal matter. Pulsars rotate rapidly on their axes and emit a narrow beam of electromagnetic radiation
in the radio frequency part of the spectrum. When these beams sweep over Earth, radiotelescopes detect
a short burst of a radio signal. The fime between of these signals is very regular.

George Hobbs and a team of astronomers and astrophysicists are looking for variations in these
signals that may be caused by a warping of the fabric of space-time. Einstein’s theory of general relativity
predicts that this warping may occur when very massive objects, such as black holes, combine. Then
ripples’, or gravity waves, are sent out through space at the speed of light.

Pulsars, which are often located at the centres of nebulae - gas and dust left over from exploding
stars - are also used by Dr Hobbs as distance indicators in space. The various frequencies of radio waves
being detected from a pulsar travel at slightly different speeds through space. This causes a small delay in
their arrival. The speed difference is due to the presence of inferstellar electrons af very low densities.

<« Figure 2.14

Dr George Hobbs helping students
control the Parkes radiotelescope
during a Pulse@Parkes session.

Questions

What type of matter do astronomers believe are the source of the radio signals being used fo look for
gravity waves?

Why would the variation on a signal from a pulsar be considered abnormal?
Why are pulsars often found at the centres of nebulae?
Why do you think the discovery of gravity waves will be considered such a big breakthrough?

Why would Dr Hobbs consider it important fo spend time with school students on programs such as
Pulse@Parkes?
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QUESTION SET 2.2

Remembering

1 How can a gravitational field model enable us to explain action-at-a-distance?
2 a Distinguish between mass and weight.

b Explain how weight is measured using a set of weighing scales.
3 For a non-zero gravitational field, define:

a weight.

b apparent weight.

c apparent weightlessness.

Understanding

4 Why is the gravitational field of a planet considered an ‘acting-at-a-distance’ force even though it may
be applying forces to objects that are in contact with it.

5 Explain why the Moon'’s gravitational field exerts a greater force on Earth than the Sun'’s gravitational field,
even though the Sun’s mass is many millions of fimes greater.

Applying

6 What is the gravitational field strength on the surface of a planet with mass 3.0 x 10%*kg and a radius of 4000km?

7 What is the apparent weight of a 40kg child in a lift that is descending with an acceleration of 1.8ms=2?

Analysing

8 An astronaut on the Moon drops a ball from a height of 1.50 m. It takes 1.36 s for the ball to fall to the
surface of the Moon. Given that the Moon has a radius of 1.74 x 10 m, calculate its mass.

9 At what distance from Earth’s centre is the net gravitational field of Earth and Moon zero? Take the
distance between Earth and Moon fo be 3.84 x 10% km. (Megrin = 5.97 X 102°kg, Myoon = 7 X 10%2kg)

Reflecting

10 Draw a concept map or spider diagram to show the relationships between mass, weight, gravitational field,
gravitational force, measurement of mass and weight, normal force, apparent weight, weightlessness.

See Chapter 8 of
Nelson Physics Units 1
& 2 for the Australian
Curriculum.

Recall from Chapter

1 of Nelson Physics
Units T & 2 for the
Australian Curriculum
that the definition of
work is the energy
transferred due fo the
action of a force.

Remember that
potential energy
belongs to a system
of inferacting objects.
It is not meaningful fo
refer to the potential
energy of a

single object.
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Gravitational potential energy

There are two types of energy: kinetic energy and potential energy. Energy is transferred
when a force acts over a distance. When a force, £, acts on an object and moves it through some
displacement, s, in the direction of the force, work is done:

W= Fs

Both force and displacement are vectors; however, work is done only when the force and the
component of the displacement are parallel to each other.

When work is done on an object its kinetic energy changes. When the component of the
displacement is in the same direction as the force, the work done causes the kinetic energy of
the object to increase. At the same time, the potential energy of the system must decrease so
that energy is conserved. Conversely, when the component of the displacement is in the opposite
direction to the force, kinetic energy decreases and the potential energy increases.

Thus, the change in kinetic energy is the opposite of the change in potential energy:

AEk = _AEP

Gravitational potential energy is due to the interaction of objects via their gravitational
fields. It is the gravitational field that mediates or exerts the force on one object due to the mass
of another. Hence we say that the gravitational field does work when an object falls in Earth’s
gravitational field. In this case, the work is done by the field on the object because the object moves
in the direction of the field. The kinetic energy increases and the potential energy decreases.
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Consider a pencil allowed to fall in Earth’s gravitational field, as in
Figure 2.15(a). If we define our system as the pencil and Earth, the
gravitational field of Earth does work on the pencil, increasing its kinetic
energy. The potential energy of the Earth—pencil system has decreased. If we
then pick up the pencil and lift it through some height, we must apply a force
in the direction opposite to the gravitational field (Figure 2.15(a)). We do work
equal to F5 on the pencil, where Fis the force we apply through a distance s.
If the pencil begins and ends at rest, there is no change in the pencil’s kinetic
energy. Yet we have done work, so energy must have been transferred. The
field was also doing work at the same time. In this case the work done by the
field was negative. The total work done on the pencil is zero. The total work
done on the Earth—pencil system is the amount of work that we have done,
and is equal to the change in potential energy of the Earth—pencil system.
We say that this work was done o7 the field. So the energy transferred by the
application of the force appears as an increase in the potential energy of
the system.

When you hold the pencil stationary, both you and the gravitational
field are exerting a force on it. However the displacement is zero, so no
work is done by either force. This is also the case when the displacement is
perpendicular to the field, that is in the horizontal direction. In this case there
is no component of displacement in the direction of the field, so the work
done by or on the field is zero (Figure 2.15(b)).

a b
g
Pencil
J e - - >
Field does
no work for
y |k F, Y Y horizontal Y
translation
Ground
A Figure 2,15

a) When we lift the pencil at constant speed,
we do work Fgppliegh and the gravitational
field does work Fgh. Work is done on the

field and the kinetic energy is unchanged,
but the potential energy of the pencil-Earth
system is increased. When the pencil falls
through a distance of h, the field does work
Fgh on the pencil, increasing its kinetic
energy. b) When we move the pencil
horizontally, no work is done on or by the field
and there is no change in potential energy.

The gravitational potential energy belongs to the system, which is both the object creating the

field and the object experiencing a force due to the field. But, you might wonder, where is the

In Chapfter 3 we shall

energy stored? A pencil does not contain gravitational potential energy. Gravitational potential
energy is not stored in the object.

We need to think about the relationship between force and potential energy again. The field
is able to do work because it exerts a force. So we can model the potential energy as being stored
in the field. The energy is distributed throughout all space where the field exists. The energy in a
given volume (the energy density) depends on the field strength.

In field theory, we model the action-at-a-distance forces, including gravity, as
being mediated by a field. The field applies a force to objects in the field.

Because the field is able to do work, we say that the potential energy of the system
is stored in the field.

Choosing a zero of gravitational
potential energy

To be able to say how much potential energy a system has, we need to be able to define a zero
energy position or configuration for the system. Note that we are again talking about systems,
not isolated objects.

Both kinetic and potential energy cannot be defined for an isolated object. An object only
has potential energy because a force is exerted on it, and the force must have some agent. Kinetic
energy must be measured against some reference frame.

Choosing a zero for the potential energy of the Earth—pencil system may seem obvious. If we
take the zero as being when the pencil is on the ground, then the potential energy of the system
when the pencil is at any height, 4, above the ground is simply mgAh = mg(h — 0) = mgh. Recall
from Nelson Physics Units 1 & 2 for the Australian Curriculum that we can arrive at this conclusion
by considering the work done to lift the pencil to this height. The work done must be equal and
opposite to the work done by the gravitational field if the pencil is to begin and end at rest, so:

W= AE, = Fs
= AFE, = mghh

9780170242110

see that potential
energy is also stored

in an electric field. We
use a quantity called
poftential, which you
met in Chapter 3 of
Nelson Physics Units 1

& 2 for the Australian
Curriculum, to represent
the energy changes as
a charge moves in an
electric field.

Energy fransfers and
systems are described
in Chapters 1 and 2 of
Nelson Physics Units 1
& 2 for the Australian
Curriculum.

The potential energy
of an object is always
dependent on

other objects, which
generate the force
field. Even kinetic
energy is noft fruly the
property of a single
object because it is
due fo motion, which
is always relative to
other objects in a
frame of reference.
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The same convention
for choosing the zero
of potential energy
for a system is used
in electrostatics,

as we shall see in
Chapter 3. However
the electrostatic force
can be attractive

or repulsive, so the
potential energy of

a system of charges
can be either positive
or negative.

This is a useful working definition when considering forces and motion close to Earth’s
surface. However, you must be careful to define exactly what you mean by the surface or ground
level, as this may vary according to the situation. It also means that the potential energy of
any Earth—object system becomes negative whenever the object falls below the defined zero
level. There is nothing wrong with a negative potential energy. The negative sign means that
the potential energy at the end is less than the potential energy at the beginning. We only ever
measure changes in potential energy. These changes can be positive or negative.

This ‘ground level” definition for zero potential energy is not very useful as soon as we are
talking about other planets, or the solar system. Nor is it useful if we want to be able to look at
the behaviour of things that move a long way above the surface of Earth. The simplest way to
define a zero that everyone can agree on, and that is not based on any single particular object, is
to take the zero as being when all objects in a system are infinitely separated.

Consider a system of massive objects very far apart from each other. When all the objects in
the system are infinitely separated, the forces acting on them are zero. We define the potential
energy of this configuration as zero. If the objects are not moving there is no kinetic energy, so
the total energy of the system is zero.

The gravitational force is always attractive. Any change from this zero configuration lowers the
potential energy of the system to a negative value. The gravitational field due to each object does
work on the other objects, bringing them closer together. The work done by the fields decreases the
potential energy of the system, as it attracts the objects closer together. This means that the kinetic
energy must increase to compensate. As they accelerate closer together, their kinetic energy increases.

The law of conservation of energy means that no change occurs to the total energy in a system:

AET =0
= AE + AE, =0
= AEk = _AEP

This is the general result, which we saw previously in the particular case of an object moving
in Earth’s gravitational field.

The zero of gravitational potential energy is defined to be when the components of
the system are infinitely separated.

All other configurations have a negative potential energy.

Changes in energy in a gravitational field

When an object moves in the direction of the gravitational field, the gravitational field does
positive work, the potential energy of the system decreases. If no other forces are acting, the
kinetic energy of the object increases.

When an object moves against the gravitational field in an isolated system (where no other
force is exerted on it) the gravitational field does negative work and the kinetic energy of the
object decreases. The potential energy of the system increases.

In an open system, work can be done on the objects in the system by an external agent, for example
you lifting a pencil in the Earth—pencil system. In this case, if an object is moved against the field, the
potential energy of the system again increases, but there may or may not be a change in kinetic energy.

We can summarise these changes in Table 2.1.

Table 2.1 Summary of energy changes

System | Object moves | Work is done Potential energy | Kinetic energy

Closed | With the field by the field decreases increases
Against the field | on the field increases decreases

Open With the field by external agent | decreases increases
Against the field | by external agent | increases either
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Note that when work is done by an external agent to move an object in a field, the field still
does work also. The work done by the field is positive if the object moves with the field and
negative if it moves against the field.

WORKED EXAMPLE 2.3

A 10kg school bag is lifted onto a shelf 2.0m above the ground.

a How much work was done on the bag? (2 marks)

b By how much did the bag’s gravitational potential energy change? (1 mark)

c If the bag fell off the shelf, with what kinetic energy would the bag land on the ground? (T mark)

Answers Logic
a W=mgXs Using yvork dope, W= FXs and F = mgwe 1 mark
~ 10kg X 9.8ms2x 2.0 m get this equation.
=196J Substitute the correct values with units. 1 mark
b AE, =196J The bag’s E, changed by the same amount as 1 mark
the work done on the bag.
c E.=196J Assuming there is no air friction, AE, = —AE.. 1 mark

Try these yourself

1 a How much work is done on the gravitational field when a 60kg diver falls through a (2 marks)
vertical height of 3.0m?

b Using energy conservation, with what speed will the diver enter the water? (8 marks)
2 A 400kg rocket is launched from ground level. When it is at an altitude of 100m its speed is 50ms~'. (6 marks)

a What is the E; of the rocket when the rocket is at 100m altitude?

b How much work was done on the rocket to change its gravitational potential energy?

¢ How much work in total was done on the rocket?

QUESTION SET 2.3

Remembering
1 a Write the conservation of energy law in ferms of energy changes.

b When an object falls in a gravitational field, potential is reduced. Where does this energy go to?
2 Define:

a kinetic energy.

b potential energy.

c gravitational potential energy.

Understanding

3 When an object near the Earth moves horizontally the gravitational potential energy in the field does not
change. Explain.

4  Explain why a falling object is having work done on it by the gravitational field.
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Applying
5 How much work is done in raising a 200kg mass through a vertical height of 30m?
6 The gravitational potential energy associated with an object is —6.0 x 10%J. The object is not moving.
a Whatis ifs kinetic energy? Explain.
b What is the minimum amount of work that must be done to ensure it does not reach Earth? Give reasons.
Analysing
7 Explain why the gravitational field of an asteroid is small compared fo Earth’s.
8 400 J of work is done on a stationary 5.0 kg mass fo raise it from a position 100 m above the ground.
a How far above the ground is if raised?
b When dropped from its new height, what is its speed as it passes its original position?
c How fast is it fravelling when it strikes the ground? Assume all other forces are negligible.

Reflecting

9 Discuss the reasons why defining zero gravitational potential energy as being an infinite distance away
avoids problems that other definitions might have.

Models of planetary motion

Models of planetary motion have been proposed for centuries. The ancient Greek philosopher
Plato had the heavenly bodies fixed in concentric crystalline spheres (Figure 2.16). The stars
were fixed in one sphere while the Moon and Sun had different spheres. The word ‘planet’ is
Greek for ‘wanderer’. The planets were observed to wander across the sky. This example of a
model made to explain observations is one of many developed over the centuries as thinking
changed and the models improved.

Ptolemy’s later models retained the circles and added epicycles, circles on circles (Figure 2.17).
These were required in the models so that the motion of the planets in the sky could be explained.

Figure 2.16 > GRAPH, PETRI AP. Fo.;.
Plato’s model of the
universe had concentric SCHEMA PRAMISS E
crystalline spheres DIVISIONIS.
containing the heavenly ’
bodies

Science Photo Library/Royal Astronomical Society
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Epicycles

Better observations required better models. However, the models quickly became complex, with
no explanation of how the epicycles were maintained.

Kepler’'s laws of planetary motion

Kepler inherited the volumes of Tycho Brahe’s meticulous observations of the motions of

the planets, the Moon and the stars. Built up over many years, Brahe’s measurements and
recordings, all made before the invention of the telescope, enabled the mathematically minded
Kepler to propose a new model for the motion of the planets.

Kepler’s first law: the law of orbits

It had always been assumed that the planets orbited Earth, and in later models, the Sun, in
perfectly circular orbits. This was, in part, due to the belief that the heavens were perfect and
that circles were considered to be a perfect shape. Moving in anything but a circle had not been
proposed previously. Kepler found that, if the planets were considered as moving in elliptical
orbits, then their observed positions in the sky could be predicted almost perfectly.

Kepler’s first law: All planets move in elliptical orbits with the Sun at one focus.

An ellipse is a curved shape, such as that shown in Figure 2.18. It has a major or long axis,
which is the longest line between two points on the edge drawn through the geometric centre.
The minor axis of an ellipse is the shortest line joining two points on the edge C

<« Figure 2.17
Epicycles, circles on
circles, were added
to Plato’s model of the
universe.

| GREEK
. ASTRONOMY

i Read a detailed

i account of the

i development of
i models of the

i universe from the
i early Greeks to

i modern times.

Kepler's analysis
involved angular
momentum. Angular
momentum is the
rofational equivalent
of momentum in
linear motion. We
will use angular
momentum in
Chapter 10.

drawn through the geometric centre. An ellipse has two foci. These are special C
points such that any line drawn from one focal point to any point on the edge, \
D B
A circle is a special case of an ellipse in which the two axes are equal and <)
/\—/ '

and then to the other focal point has the same length.

the two foci are at the same position. The orbits of most planets, moons and
satellites are very close to circular, with some exceptions. D

Kepler's second law: the law of areas

Kepler noticed that the speeds of the planets changed during their orbits. Nearer to the Sun
their speeds increased; further away their speeds decreased. He was able to conclude that the
areas covered in equal time intervals were the same.

Kepler’s second law: A line that connects a planet to the Sun sweeps out equal
areas in equal times.

A Figure 2,18
Segments AB and CD
are swept outin an
equal fime interval.
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Kepler’s third law: the law of periods

By doing further work on Tycho Brahe’s data and using his own observations, Kepler showed that

there is a relationship between the average radius of orbit of the planets and their period of revolution

around the Sun.

Kepler’s third law: The square of the period of a planet’s orbit is proportional to the
cube of the mean radius of its orbit:

T? o 13

Neptune

Uranus

Jupiter

The straight
lines expresses
Kepler’s law
of periods.

>

10

100 1000 10000

Square of orbital period (y?)

Figure 2.19 A

A graph of

r3 versus T2 for the
planets in our
solar system

Kepler arrived at his three laws empirically. He based the laws

on an analysis of the data Brahe had given him, and his own
observations. They were not based on any underlying models or
theories. Kepler’s laws gave excellent predictive power, but as they
had no theoretical basis; they did not give any explanation of the
observed behaviour of the planets. Newton’s model for gravity
and the principle of conservation of momentum provided the
theoretical framework needed to explain why planets and other
orbiting bodies move as described by Kepler’s laws.

Newton’s law of universal
gravitation and Kepler’s
third law

We can deduce Kepler’s third law from Newton’s universal gravitation law as follows. For

simplicity, we assume that the planet follows a circular orbit, although a more complex
plicity. p g p

geometrical analysis of elliptical orbits gives the same result. We use the equations we derived for

circular motion in Chapter 1.

A planet (mass 7) orbits the Sun (mass M) at a distance, 7, from the Sun. The only force
applied to the planet is the force mediated by the gravitational field of the Sun. The circular

motion equations can be used:

mM
F(by Sunonplaner) = G —
4 2
F(netonplanet) = m ;27
47y -G mM
72
T? 472
:> —_— =
r’ GM

This ratio is a constant for all objects that revolve around the Sun. This is what was expected

from Kepler’s third law, namely:

T2 oc 3
= T'? = kr’ (k = constant)
2
T_ = k

73

Figure 2.19 shows this relationship. Notice that the radius is given in units of AU, which is
the Earth’s orbital radius (approximately 1.5 X 10%km). The period is given in years, y.
The analysis does not apply just to planetary motion around the Sun. It applies to all

satellites orbiting much larger masses, for example, the moon and satellites orbiting the Earth or

moons orbiting Jupiter. The value of the constant will change from central mass to central mass
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472

because the constant depends on the mass, M, around which the bodies are circulating.
This means that 4 is not a universal constant, but a constant that is particular to a given system.

WORKED EXAMPLE 2.4

1 Find the period T for a satellite of Earth with an orbital radius of 42000km. Take Earth’s mass as 6.0 x 10%*kg.
(4 marks)

2 A small planet is observed to orbit a star every 30 days. A second planet orbits the same star at a distance
that is nine times the orbital radius of the first planet. What is the period of the second planet? (4 marks)

Answers Logic
, oA S
3 M Use the correct formula. mar
2 4n? 3
T? = — Xr Rearrange for 7. 1 mark
GM
2
T = Am X (42000 x 10°m)* Substitute the correct 1 mark
(6.67 X 107" Nkg?m?) X (6.0 X 10*kg) values with units.
= 8.5 X 10%s (approx. 1 day) Calculate the answer, 1 mark
2
v
2 Here, the mass M of the star is unknown. The term —— is the Use the correct 1 mark
- GM strategy.
same for both planets as they are orbiting the same star, so we
can use:
2
T—3 = constant
,
1
L =2 and r, = 97, 7, = 30days Use the correct 1 mark
B 0 equation.
TZ — 7—;2 X 723
2
’iS
30 days)? X (9 »)?
T, = \/( Y )3 ©n Rearrange for 7. 1 mark
}'i
T, = 810 days Calculate the answer. 1 mark

Try these yourself

1 A spacecraft orbits the Moon with a period of 4.0 hours. It is then lowered into an orbit with half (4 marks)
the radius. What is its new orbital period?

2 Whatis the mass of a star if its planet has an orbital period of 95 Earth days and an orbital radius of (4 marks)
5.0 x 10'°m?

Satellite motion

The motion of a satellite can be modelled as uniform circular motion. Most satellites have
circular or very nearly circular orbits around Earth. They are in a constant state of free-fall; the
only force acting on them is gravity or their weight. The gravitational force by Earth’s mass on a
satellite is directed towards Earth’s centre, which is also the centre of the satellite’s circular orbit.
Therefore, the net force acting on the satellite is perpendicular to the velocity of the satellite.
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Orbital speed

The gravitational force applied to a satellite is the centripetal force keeping the satellite in
its circular orbit (Figure 2.20).

The gravitational force can be found from £; = G——, which provides the centripetal
2 r
my
force F, = —/—.
r

: Equating these two forces gives:

l‘. 1 F=F
3 mv* _ _ Mm
r r?
........... 2 ) GM
2=
Figure 2.20 A 4
The net force on a satellite GM
is perpendicular to its v= T

velocity and directed
towards the centre of its
circular orbit.

Orbital velocity enables a satellite to fall at just the rate necessary to return to
( s N its original position:

. SATELLITES oM

i Watch the video

i clip of this satellite
i launch. Observe

i the angle of the

i launch vehicle

i shortly after lift-off.

WORKED EXAMPLE 2.5

What is the speed of any satellite orbiting Earth at an altitude of 630km? (3 marks)
Mass of Earth = 5.97 x 10%*kg
Radius of Earth = 6370km

Answer Logic

r = 6370 + 630 = 7000km Calculate the radius of the satellite’s orbit. 1 mark
M

v = G— Select the appropriate equation. 1 mark

7

_ [(6:67 10" "Nkg*m#)(5.97 X 10%kg)

Substitute known values info the equation 1 mark
V 7000 X 10° m with unifs.
=75x10°ms or 7.5kms™! Calculate the answer. 1 mark

Try these yourself

1 Describe what would happen to the orbital speed of a satellite if the satellite was moved (1 mark)
to an orbit with a higher altitude.

2 Find the altitude of a satellite in orbit around Earth given that its orbital speed is 5.0kms™". (4 marks)
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Satellite orbits

An orbiting satellite is still very much within Earth’s gravitational field. It is falling to Earth
with an acceleration equal to the gravitational acceleration g at that distance from Earth. An
orbiting spacecraft or satellite is given a horizontal velocity so that, as it falls, it is also moving
horizontally with such a speed that its path is circular. If no force other than that due to the
gravitational field acts on the satellite, the satellite will continue in its orbit forever.

In order to escape the effect of the Earth’s gravitational field, extra energy must be expended.

Escape velocity is the speed needed for an object to leave the gravitational field of a planet or
other large mass so that it no longer experiences a gravitational force due to that large mass. It can

be derived by considering the initial and final kinetic energies of the object. This change in kinetic Note that this is

the escape speed
ignoring the rofation

energy is equal to the change in potential energy of the system. The initial potential energy is
negative, and the final potential energy must be zero if the object is to escape the gravitational field.

The escape velocity can be shown to be related to the distance of the object from the source of Earth. The rotation
of the field, and the mass of the body from which it is to escape: of Earth can be used
fo assist in achieving
_2GM escape velocity by
Vescape — p launching the object
at the appropriate

angle and close to
the equator where
the speed due fo

) _ {ZGMEmh — 112 X 10¢ms-! rotation is greatest.
escape R
Earth

Escape velocity is the minimum velocity required by an object to escape the
gravitational field of a large mass:

For objects launched from the surface of Earth, this becomes

2GM
r

174 =
escape

Satellites in low Earth orbit are high enough to be modestly affected by atmospheric
friction but low enough to be relatively easily serviced from Earth. This region extends from
about 250 km to 1000 km above Earth’s surface.

A geostationary satellite remains above one place on Earth. It must travel directly above
a point on the equator. Geosynchronous satellites travel above any great circle. A great
circle is any circle on Earth whose radius extends from Earth’s centre. Both geostationary and
geosynchronous orbits have approximately 24 hour periods (23h 56 min 4s or 86 164s).

Low Earth orbit satellites

The International Space Station
(ISS) has been in low earth orbit
since November 1998. Its altitude
averages 370km. Even at this
height, its rocket motors must be
fired every few weeks to boost it
into a higher orbit. The friction of
the very low density atmosphere
found af this altitude is sufficient
to slow the ISS down. As this
happens, the orbital radius
decreases. At lower alfitudes
there is more friction and the
whole process would result in the
ISS eventually crashing back to
Earth in a fiery re-entry.

sts-114 Crew/NASA

A Figure 2.21
The International Space Station in low Earth orbit
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QUESTION SET 2.4

Remembering
1 a Stafe Kepler's three laws.
b Why are Kepler's laws referred to as empirical laws?
2 Distinguish between orbital velocity, orbital acceleration and escape velocity.

Understanding
3 Draw sketches to distinguish between geostationary, geosynchronous and low Earth orbits.

Applying
4 Explain why the acceleration of a satellite with an orbital radius of 42000km is less than that for a satellite
with 7000km orbital radius.

5 Titan, a moon of Saturn, has an orbital radius of 1.22 x 10 km. It takes Titan 15 days and 22 hours to
revolve around Saturn. Find the mass of Saturn.

6 A satellite is orbiting the Sun with a radius of 1.5 X 10'°m. What is its orbital speed, given the mass of the
Sun is 2.0 x 10%°kg?

7 Find the orbital period of an asteroid around the Sun, given that its mean orbital radius is twice Earth’s
orbital radius. Do not use the mass of the Sun in this calculation.

Analysing

8 The law of parsimony states that the simpler explanation is to be preferred. How does this law apply fo the
explanations of planetary motion provided by Ptolemy, Kepler and Newton?

Reflecting

9 Create a series of annotated diagrams to illustrate what you have learnt about the orbits of planets and
safellites.

CHAPTER SUMMARY

«  Gis the gravitational constant: G = 6.67 X 10-""Nm?kg—

Gravity is an action-at-a-distance force. Action-at-a-distance forces can be modelled as being mediated by a field.
+ All objects with mass are surrounded by a gravitational field.
+ All objects with mass experience a force in a gravitational field. This force is called the weight force.

+ The gravitational field at a particular point is defined as the force per unit mass experienced by an object at
that point:

« The gravitational field has units of Nkg~' or ms—2

+ Inthe absence of other forces, the gravitational field is the acceleration of an object in the field.

+ Close fo the surface of Earth the gravitational field is approximately constant and has the value 9.8 ms—2.

+  Gravitational potential energy is stored in any system of masses because the gravitational force acts on the masses.
+ The zero of gravitational potential energy is, by convention, when all objects in the system are infinitely separated.
+ Infield theory, we model the energy as being stored in the field.

+ When an object moves in a gravitational field, work is done on or by the field.

+ When work is done by the field, the potential energy of the system decreases. When work is done on the
field, the potential energy of the system increases.
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+ Early models of the universe had the heavenly bodies fixed on spheres in space, including crystalline
spheres and later epicycles, to explain the observed motion of the planets.

+  Galileo observed that falling bodies had constant horizontal motion and accelerated vertical motion.

» Tycho Brahe’s meticulous observations enabled Kepler to propose his three laws of planetary motion:
- Kepler's first law: Planets orbit the Sun in elliptical orbits
- Kepler's second law: Planets orbits sweep out equal areas in equal fime
- Kepler's third law - the law of periods: T2 « r3 for planets orbiting the same central mass, and:

E _ A2
e GM

+  Kepler's laws of planetary motion were derived empirically but can be explained as resulting from Newton’s
law of universal gravitation and conservation of angular momentum.

+ Newton'’s law of universal gravitation gives the gravitational force that any mass, M, exerts on any other mass, m:

F=G

Mm
r2

+ A satellite’s motion can be modelled as uniform circular motion.

+ The gravitational force acting on a satellite is the net (centripetal) force.

+ The orbital speed of a satellite is given by v = /% .

r

CHAPTER GLOSSARY

apparent weight subjective experience of weight,
which is generally measured as the normal force
exerted on an object that is not in equilibrium

apparent weightlessness the experience of having no
normal force exerted on you; this occurs during free falll

concentric having the same centre

centre of mass the average position of the mass in
an object or group of objects. It is the point at which
the gravitational force can be modelled as acting
when the object is in a gravitational field

epicycles circles on circles, as used to describe the
orbits of the planets

field the means by which action-at-a-distance
forces are exerted

field theory the theory that describes forces as
being mediated by fields and potential energy as
being stored in fields

free fall falling with the acceleration g, the local
gravitational field strength

geostationary orbit of period 24h approx. directly
above a single point on Earth’s equator
geosynchronous orbit of period 24h approx. above
a great circle on Earth

gravitational potential energy the potential energy
associated with the interaction of objects via the

gravitational force. The potential energy is stored in
the gravitational field

gravitas Aristotelian idea about the ‘heaviness’ of
objects made of earth that allowed them to fall in
straight lines towards Earth

gravitational field the field that mediates the
gravitational force between all objects with mass; the

G
field surrounding all objects with mass, g = 2

inverse-square law describes a relafionship in
which the dependent variable is proportional to the
square of the inverse of the independent variable

low Earth orbit an orbit between 250km and
1000km above Earth

negligible any value or variation in a value that is
tfoo small to be taken into account

potential energy energy stored in a system due
to the interaction of components in the system via
forces; energy stored in a field. Potential energy gives
a system the ability to do work
weight the gravitational force that acts on an
GmM

r2
work energy transferred due to the action of
aforce, W= Fs

object, w=mg =

CHAPTER REVIEW QUESTIONS

Remembering
1 Write down Kepler’s third law.

2 Why was Tycho Brahe’s work so important for Kepler?
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3 Write down the gravitational field strength according to Newton’s law of universal gravitation.
4 a What are epicycles?
b Why were they needed in early planetary models?
5 Why is the net force acting on a satellite considered to be a centripetal force?
6 Define these terms.
a Weight b Apparent weight c Weightlessness

Understanding

7 a How are work and gravitational force connected?
b Explain why no work is being done when you hold a brick above your head.

8 How is gravitational potential energy defined? Why must a zero point be stated before the potential energy
of a system can be calculated?

9 Under what circumstances is your weight equal to the normal force acting on you? If you carry a heavy
school bag, is your weight equal to the normal force exerted on you by the ground? Draw a diagram
showing all the forces acting on you, to explain your answer.

10 Why is an orbiting satellite considered to be in free-fall?
11 What happens to the gravitational force between two objects when they are moved 10 times further apart?

Applying
12 What minimum work must be done to move a 1500 kg car up a 300 m high hill? What work is done by the
gravitational field as the car is moved up the hill?

13 What is the orbital speed of the moon of a planet, given that the planet has a mass of 4.5 X 10*kg and the
Moon'’s mean orbital radius is 3.8 X 108m?

14 A 5.0 kg rock is dropped from 10m above the surface of Ganymede, a moon of Jupiter. Ganymede has a
mass of 1.5 X 102kg and radius of 2600km.

a What is the gravitational field near Ganymede?

b What is the acceleration of the rock?

¢ How much gravitational potential energy was tfransformed as the rock fell to the surface?
d What was the maximum amount of kinetfic energy gained by the rock?

15 What is the centripetal force acting on Earth by the Sun? The mass of the Sun is 2.0 X 10%°kg, the mass of
Earth is 5.97 x 10?*kg and the distance between the two is 1.5 X 10" km.

16 What is the orbital period in Earth years for an asteroid that is orbiting the Sun with a mean orbital radius
that is three times the orbital radius of Earth?

17 What is the mass of the central body being orbited by a star when the star’s orbital period is 8.0 hours and
its distance from the central body is 4.5 X 10°°m?

18 A geostationary satellite orbits Earth once every 24 hours. (Mass of Earth = 5.97 X 10*kg; radius of
Earth = 6.38 X 10°m).

/?3
a What is the value of the Kepler ratio T_Z? b How high above Earth’s surface is it placed?

Analysing

19 To what speed must a satellite be propelled if it is to maintain an orbit with a radius of 10000km around
Earth?

20 Explain how Kepler's third law can be used by astronomers to deduce the mass of a star.

21 When watching a satellite launch, the launch vehicle is seen fo ascend at an angle rather than vertically.
Explain this observation.

22 A space statfion is made in the shape of a doughnut, 160m across. It rotates about an axis so that the
workers experience down to be towards the outer wall.

a Sketch the space station and indicate the force that simulates the gravitational force applied to a worker
standing upright.

b At what speed must the space station rotate in order to simulate Earth’s gravitational field?
Reflecting

23 Models are simplifications of real systems used to help us understand the universe. Draw a concept map
summarising gravitational field theory.

24 How has your understanding of forces and energies changed while studying this chapter? Write a short
summary and compare your summary with those of other students.
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Science Understanding

* Electrostatically charged objects exert a

force upon one another; the magnitude
of this force can be calculated using
Coulomb’s Law (ACSPH102)

+ Point charges and charged objects

produce an electric field in the space that
surrounds them; field theory attributes the
electrostatic force on a point charge or
charged body to the presence of an electric
field (RCSPH103)

By the end of this chapter you will have covered the following material.

+ A positively charged body placed in an

electric field will experience a force in the
direction of the field; the strength of the
electric field is defined as the force per unit
charge (ACSPH104)

+ When a charged body moves or is moved

from one point to another in an electric field
and its potential energy changes,
work is done on or by the field (ACSPHI05) @




If the objects are
moving very fast we
need fo take info
account relativistic
effects and use

a relativistic field
model. Relativity

is described in
Chapter 6. If the
objects are very
finy we may need
fo use a quanfum
mechanical model.
Quantum mechanics
is discussed in
Chapters 7 and 8.

For almost any
situation there is a
choice of models
which can be used.
In general, we try fo
use the simplest one
that captures all the
features of the system
and which has
good predictive and
explanatory power.
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Infroduction

There are four fundamental forces. These are the strong force, the weak force, the gravitational
force and the electromagnetic force. The gravitational force was described in the previous
chapter. The strong and weak forces will be described in Chapters 9 and 10. The electromagnetic
force is a combination of the electrostatic and magnetic forces. This chapter is about the
electrostatic forces that are due to charges.

You have seen that there is a gravitational field around all objects with mass. It is this
gravitational field that allows objects with mass to exert forces on each other at a distance. This
field, and hence the force, depends on the mass of the objects and on the distance between
them. It increases linearly with the masses and decreases with the square of the distance between
the objects. The gravitational force is always attractive, acting to pull two objects with mass
closer together. The electric field is in many ways similar to the gravitational field. The electric
field is created by charged particles.

You have already seen some of the applications of electricity in Nelson Physics Units 1 & 2 for
the Australian Curriculum, Chapters 5 and 6. You have probably already used electricity at least
a dozen times today. An understanding of electrostatics is the first step in understanding how
electricity is produced, transferred and used in the many devices that we take for granted. We
shall look at some of these applications in the next chapter.

The electric field

The first model that we shall be using in this chapter is the electrostatic field model. This
model was developed from Michael Faraday’s idea of ‘lines of force’. These lines of force enable
an object to exert a force on a second object some distance away. Faraday described both electric
and magnetic fields. His field model was refined and extended by others, particularly James
Clerk Maxwell.

For the electrostatic field model we assume that the charges are not moving, and we ignore
any quantum or relativistic effects. This model is extremely good at predicting the behaviour of
most interacting charged objects. You will see that this model is very similar to Newton’s model
of universal gravitation.

You can do experiments to show that a charged object exerts a force on another charged
object some distance away. For example, if you rub a balloon on your hair and then hold it close
to your head you will see or feel your hair being pulled towards it. The charge on the balloon
attracts the charge on your hair, even though the two are not in contact. In the same way, the
mass of Earth attracts the mass of any other object without having to touch it.

All objects with electric charge create an electric field around themselves. This field depends
on the size of the charge and the distance from the charged object. It increases with the size of
the charge and decreases proportionally with the square of the distance. Unlike the gravitational
field, the electric field can exert an attractive or repulsive force (pull or push) because charge
comes in both positive and negative types. You already know that like charges repel each other
and unlike charges attract. Hence a positive charge pulls a negative charge towards itself and
pushes another positive charge away.

The electric field at a point is defined as the force per unit charge that acts ona
small positive test charge at that point.

E:

Bt

E is the electric field and ﬁE is the force acting on an object with charge ¢. Force has units of
newtons (N) and charge has units of coulombs (C), so electric field has units of NC™.

9780170242110



s>

+Q +q

AFigure 3.1
a) A large positive charge repels a small positive charge. b) A large positive charge attracts a small negative charge.
c) A large mass atftracts a small mass.

Force is a vector — it has both magnitude and direction — so field is also a vector. Its direction ) )
The units of electric

at any point is the same as that experienced by a small positive test charge at that point. The field are N C-1

force on a negative charge is in the opposite direction to the field. In Figure 3.1 the small IN= Tkgms 2 - 10m

positive test charge experiences a force due to the electric field created by the large charge. The and1V=1JC" so

field is the magnitude and direction of this force, divided by the charge on the small test charge. the units for electric
This is similar to the definition of the gravitational field, which is force per unit mass acting on a field can also be

small test mass. However with electric fields we have to think about direction a bit more carefully. written as V. m-'.

An electric field exerts a force in the direction of the field on a positive charge, and
in the opposite direction on a negative charge.

Table 3.1 Some electric field strengths In Nelson Physics
L Units T & 2 for the
Electric field due to... Approximate field strength, N C! Australian Curriculum
Haird 20 4 you studied electric
creryer cm awey circuits. The potential
Thunderstorm 50, upwards difference supplied
) : by the battery in a
Earth’s fair weather field 100, downwards circuit creates an
High voltage overhead power lines, 10 to 1000 electric field that
applies a force to
30 m away
the free electrons,
Old electric blanket, 10 cmn away 2000 creating a current.

WORKED EXAMPLE 3.1

A battery is connected across a piece of copper wire giving an electric field of 3.0NC" in the wire. What is the
force on an electron in this wire? (6 marks)

Answer Logic

. F

E= Lt Use the definition of field. 1 mark

q
ﬁE = E"q Rearrange to find the force. 1 mark
QE = (B.ONCN(-1.6 X 107C) Substitute known values, rememberingto 1 mark
include units.

ﬁE = —-4.8 X 107N Do the calculation. 1 mark

The force is in the direction opposite that of  State the direction of the force. 1 mark

the field.

Try this yourself

What is the force on a copper nucleus in this wire? (6 marks)
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In Nelson Physics Units 1 & 2 for the Australian Curriculum you studied circuits and saw that
when a battery is connected across a conductor it causes a current to flow. The battery creates an
electric field in the wire because one terminal is positive and the other is negative. This polarity
is due to charge separation in the battery. This field in the conductor exerts a force on all the
charged particles in the wire. The conduction electrons, which are free to move, are accelerated
by this electric field. The movement of these electrons along the wire due to their drift velocity
is what we observe as a current. Electric fields can be set up whenever there is a means of
separating charges.

Recall from your studies of radiation and nuclear physics in Nelson Physics Units 1 & 2 for
the Australian Curriculum that electrons have a charge of —1.6 X 107 C. This is called the
electron charge or the elementary charge, ¢, because all particles have an integer multiple of
this charge, g = ne where n = %0, 1, 2, ... Protons and positrons (§* particles) have charge
+1.6 X 107?C. Ions that have extra electrons have a charge equal to the number of electrons
times the electron charge. Ions with missing electrons have a charge equal to some multiple of
+1.6 X 10” C. For example, an O*” ion has charge 2 X —1.6 X 107?C = —3.2 X 107" C.

An Fe’* ion has charge 3 X 1.6 X 1077 C = 4.8 X 107 C.

Electroreception in platypuses

Platypuses can detect electric fields with
special cells called electroreceptors on their
bills. This sense is called elecfroreception.
Platypuses and echidnas are the only
mammals that have this ability. The
platypus’s electroreception was first
demonstrated in an experiment in 1986,

in which platypuses found and attacked
hidden batteries. Previously, their hunting
ability with their nostrils, ears and eyes closed
had been a mystery. Their electroreceptors
can detect electric fields as small as

0.002 N C'. Platypuses combine information
from electroreceptors and pressure sensors
on their bills fo determine the direction of
their prey and their distance from it.

Nature Picture Library/Georgette Douwma

AFigure 3.2 A platypus has very sensitive electroreceptors in its bill
to help it hunt for food.

To understand how a charged object behaves in a field we need to use another model:
Newton’s laws. Newton’s first law tells us that an object experiencing a net force will accelerate.

Newton’s second law quantifies the acceleration. Newton’s second law says that 2 = —. Using
m

the definition of electric field £ = £ , we can see that F = E g so that:
q

QY
Il
s | &

WORKED EXAMPLE 3.2

A Ca?* ion with a mass of 6.7 x 10-2kg experiences an acceleration of 4.8 x 10 ms=2 as it moves through a
channel in a cell membrane. What is the electric field in the membrane? (6 marks)

Answer

Pl
m

= am
q

Logic
Relate the acceleration to the field. 1 mark
Rearrange for the electric field. 1 mark

74 NELSON PHYSICS UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170242110

>



a=48x10"ms2 Identify numerical values for alll
= 6.7 % 10%kg parameters.
qg=2x16X 10°C =3.2x107C

5 _ (48x10° ms?)(6.7 X 10* kg)

1 mark

Substitute the correct values with units. 1 mark

3.2x1077 C
E=10x10"mkgs2C =1.0x 10’NC". Calculate final answer. 1 mark
The field is in the direction of the acceleration. 1 mark

Try this yourself
What is the acceleration of a sodium ion, Na*, in this channel?

(5 marks)

Electric fields in cell membranes

The cells in your body have an electric field in Cell
their membranes. This field is maintained by membrane
pumps in the cell wall which move ions through
the membrane. The outside of the cell is positive
compared to the inside, so the electric field points
inwards and is approximately constant in the cell
membrane. The fields are about T0000000N C!!
The main ions involved are K*, Na* and CI*. Large
molecular anions (A*) are also involved in binding
the positive ions. Other ions, such as calcium,
Ca?*, are important in nerve cells. When a nerve
cell sends a message, the electric field in its
membrane collapses and then acts in the
opposite direction as ions flow info and out

of the cell.

: a QO RA
Figure 3.3p +OC>C:O‘ =
A cell maintains a large electric field Extracellular h e - ot
across its membrane by pumping ions info
and out of the cell. Charge separation + == Across membrane

Electric field lines

Fields can be represented by field diagrams. An electric field diagram uses lines with arrows to
show the direction of the force on a small positively charged test particle.

To draw a field diagram, start by considering the force on a test charge at various points.
Let’s start with a single positive charge and think about what happens when we put a small
positive test charge close to it. We know that like charges repel, so the test charge will be
accelerated away from the positive charge, as shown in Figure 3.4(a). Anywhere close to the
positive charge the direction of the electric field is radially away from the charge. If we join up
the arrows in Figure 3.4(b) we get field lines, as shown in Figure 3.4(c).

9780170242110 UNIT 3 CHAPTER

3: ELECTRIC FIELDS

75



N\

70

Figure 3.5 A
Field line diagram for a
negative point charge

In Nelson Physics
Units 1 & 2 for the
Australian Curriculum
you studied forces.
Recall that forces
need fo be added
as vectors. As fields
are a force per unit
charge (or mass),
they also need fo be
added as vectors.

Figure 3.4(c) shows a field line diagram for a single positive point charge. If the point
charge was negative instead of positive, the field lines would all point inwards. A small positive
test charge would be attracted to a negative charge (see Figure 3.5). This looks just like the
gravitational field around a spherical object such as Earth, as you saw in Chapter 2.

a F. b A c
% ) o
q e I o
@ Nt A
Q <o «*4—(9(—» o> o> < ' >
Figure 3.4 A &k

Constructing a field
diagram. Start by drawing
arrows to show the
acceleration at various
points, then join them up

/

¥

«0 «0 «—

N

o

N

o

A

to form field lines.

Electric field lines have the following characteristics:

» They point in the direction of the force acting on a positively charged particle
due to the field.

* They never cross.

» They begin on positive charges and end on negative charges.

» The field strength is proportional to the density of field lines.

When you draw a field line diagram there is an infinite number of possible field lines that
you can draw. However, you only have finite time, so choose a sensible number! In general,
make sure you draw enough lines so that you can see what the field looks like around the charge
or charges. Typically at least eight field lines are needed. They should be evenly spaced around a
point charge. Make the ratio of field lines coming out from or entering any charge proportional
to the magnitude of the charge. This will ensure your field lines have the properties listed above.

WORKED EXAMPLE 3.3

Draw a field line diagram for a pair of equal positive charges. (6 marks)

Answer

NS

N

Try this yourself

Logic
b
Think about putfting a small positively 1 mark
charged test object at points close to the
charges as shown in Figure 3.6(0).
\\ Draw arrows showing the forces due tothe 1 mark
tfwo charges.
i The vector sum of these two forces gives the 2 marks
fotal force, and the direction is the same as
the direction of the field at that point.
Do this at lots of points (Figure 3.6(a)) and 1 mark
then join up your arrows to form field lines
Figure 3.6 A Gs in Figure 3.6(0).
Construction of a field diagram for a pair of positive
charges. d) Show the force acting on a small positive fest
charge at points around the charges.
b) Connect the lines of force to show field lines.
Draw a field diagram for a pair of negative charges. (5 marks)
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A common configuration of charges is a dipole. This is a combination of a positively
charged object and a negatively charged object close together. Figure 3.7 shows the electric field
in the region around a dipole.

You have probably met the idea of polar molecules in chemistry. Polar molecules such
as water (Figure 3.8) are loosely bound by van der Waals forces because of the attraction
between the negative part of one molecule and the positive part of a nearby molecule. This is
also called hydrogen bonding because it commonly happens with hydrogen.

ES

AFigure 3.8
AFigure 3.7 Electric field due to
Electric field around a dipole a polar water molecule

A charged particle starting at rest in an electric field will accelerate along a path parallel to
the field lines. It will accelerate in the direction of the field lines if it has a positive charge. If it
has a negative charge it will accelerate in the opposite direction. If a charged particle has some
initial velocity in an electric field, then the field lines give the direction of acceleration, but
they do not show the path of the particle. You have already seen this as projectile motion in a
gravitational field. If an object is released from rest its path is that of a gravitational field line
down to the surface of Earth. If it has some initial velocity then the gravitational field lines give
the direction of acceleration, but do not give the path of the object.

. CHARGES
. AND FIELDS

i This simulation lets
i you move charges
i around and see

i their electric field.
E Try it with two

i positive charges,

i two negative

i charges and a

i positive and a

i negative charge.

WORKED EXAMPLE 3.4

1 Figure 3.9(a) shows a ball thrown horizontally close to the surface of Earth. (6 marks)

a Draw a diagram showing the gravitational field lines.
b Draw the path taken by the ball.
¢ Describe in words the shape of the path.

2 Figure 3.9(b) shows a positively charged particle entering a uniform electric field, travelling perpendicular to

the field. (3 marks)
a Draw a diagram showing the path taken by the particle.
b Describe in words the shape of the path.

a b

‘ Vi =3 7

o —> O +—

m —I—q
<Figure 3.9 a) A ball thrown
horizontally close to the surface of

Y Y EY Y Earth. b) A positively charged particle
enters a uniform electric field and
travels in a direction perpendicular to
e TP S PR .

the field.
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Answers Logic

1 a The field lines are directed straight down and 2 marks
are parallel because the field is constant.

Figure 3.10 A
Gravitational field lines and
path of ball
b See Figure 3.10. The ball is pulled down by the gravitational 2 marks
force, but the horizontal velocity is unchanged.
¢ The ball follows a parabolic path. Give a correct description of path. 1 mark
2 a The particle is pulled in the direction of the 2 marks
electric field, but the horizontal velocity is
unchanged.
5 Path of
A1y |charged particle
(q‘ > _|charged p

Figure 3.11A
Electric field lines and
path of particle
b The particle follows a parabolic path. This 1 mark
is the same shape as the path followed
by the ball in the gravitational field.

Try this yourself

Repeat question 2 for a negatively charged particle in a uniform electric field. (4 marks)

In Nelson Physics Units
1 & 2 for the Australian
Curriculum you
studied the kinematics
equations for constant

acceleration. The Uniform electric fields

acceleration due

to a uniform field is A uniform field is one that has the same magnitude and direction at all points.

constant. This ,"S f( ue for A uniform electric field exists close to any large, flat, uniform distribution of charge. If we
both the gravifational look at the field very close to the surface of a large charged sphere, such as the dome of a van

Zi/;!srl)?%i r;o eElZZgi(Cjnd de Graaf generator, the field is approximately uniform. You have seen and used this useful

Just as in the gravitational case, we use kinematics to calculate the trajectory. The
acceleration depends on the electric field. In the case of a uniform field, as described next, the
acceleration is constant.

field. Hence we use approximation many times before for the gravitational field of Earth. Every time you write
the same equations in F = mgyou are making the approximation that Earth is flat. Most of the time this is perfectly
both cases. reasonable. Close to the surface of Earth the gravitational field is effectively constant.
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Earth also has an electric field; you will be familiar with the effects of this field
in stormy weather, such as that shown in Figure 3.12 The size of the field varies with
weather conditions (Figure 3.13). In sunny weather Earth has an electric field of about
100N C!, pointing downwards. It is larger in fog or snow, and reverses direction in
heavy rain. The field varies over the surface of Earth, but can be treated as uniform over
distances of a few hundred metres or more. The force due to Earth’s electric field on a
small charged particle such as an electron is many orders of magnitude greater than that
due to the gravitational field. For large, neutral objects such as humans, the gravitational
force is much larger.

On a smaller scale, a uniform electric field can be created by two charged parallel
plates. This arrangement of charged plates is called a capacitor. Capacitors are a common
circuit element. Figure 3.14 shows the electric field created by a pair of parallel plates.

)
YYYY¥Y¥EVYY QY

++ + +

AFigure 3.13
Earth’s electric field in o) fair weather and
b) stormy weather

AFigure 3.14

is uniform.

The electric field between the
plates of a parallel plate capacitor

iStockphoto/larslentz

AFigure 3.12 Lightning
strikes a tree when the
electric field between the
cloud and the ground
becomes too large.

WORKED EXAMPLE 3.5

An approximately uniform electric field is created by charging two large parallel metal plates. A charged
soap bubble drifts between the plates, with an inifial velocity », parallel to the plates, as shown in Figure 3.15.
The bubble has mass 7 and charge +¢, the magnitude of the field between the plates is £. Assume that the

gravitational force on the bubble is negligible in comparison to the electrostatic force.

+ | ” u
I
E
Y
«Figure 3.15
A bubble enters the uniform electric field between
e a pair of charged plates.
1 Find the acceleration of the bubble. (4 marks)
2

plates. (4 marks)

Write an expression for the position of the bubble as a function of time once it enters the field between the
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Answers
1 . =L _LEa
* m m
E
a, = v! 0
m

E qt*
=0+ 5,

Exqt2
2m

1
_ 1 2 _
yEv bt sart =t O0=uv,

Logic

The force acts only in the direction of the field. 2 marks
It is zero in a direction perpendicular to the

field. This is analogous to projectile motion in a
gravitational field, as in the previous example.

Relate acceleration to data given.

Noting that the field is entirely in the x direction. 2 marks

As the situation is analogous fo projectile 2 marks
motion, apply the kinematics equations.

We can see from the equations that the particle curves towards the direction of the field lines, but
always has some component of its velocity perpendicular fo the field - it does notfollow the field lines. 2 marks
Hence the path followed is the same as that shown in Figure 3.11 in the previous example.

Try this yourself

Repeat the questions above for a soap bubble with charge -2g and the same mass. (6 marks)

Fields apply forces,
hence they are also

The model that we have applied here is non-relativistic. This is reasonable for a bubble, but
an object with very small mass such as an electron could quickly be accelerated to relativistic

able to apply a torque speeds. For any speed greater than about 0.1c, we should really be using the relativistic

and cause rotation of equations, given in Chapter 6.
an object. You studied A dipole, such as that shown in Figure 3.7, experiences no net force in a uniform electric field.
forques Chapter 1. This is because each charged part of the dipole experiences an equal but opposite force. The two

forces, one on the positive part and one on the negative part, add to give a total force of zero. This

does not mean that a dipole is not affected by the field. Each force produces a torque on the dipole,

Figure 3.16A

Field lines due to a point charge. The number
of field lines passing through the sphere with
radius ry is the same as the number passing
through the sphere with radius rp. However,
the number passing through any small area,
A. which is a measure of the density of field
lines and hence field strength, is greater for
the smaller sphere.

causing it to rotate and line up with the field. A pair of forces like this are called a
‘couple’, and the torque produced is called a ‘couple moment’. As you saw in Chapter
1, a gravitational field can also exert a torque and cause rotation. However, the
gravitational field only exerts a force in one direction, so it always applies a net force
as well as a torque.

Electric field due to
a point charge

Point charges occur commonly in nature. Fundamental particles such as protons
and electrons can be modelled as point charges.

We saw in the previous section that up close, mass and charge distributions look
flat and give uniform fields. In contrast, any finite mass or charge distribution seen
from a great distance away can be modelled as a point mass or charge. Earth seen from
a great distance away looks like a point mass. Newton’s law of universal gravitation
treats it as such. The dome of a van de Graaff generator looks like a point charge from
a great distance away. Hence it is very useful to us to know what the field due to a
point charge is.

We know from experiment that the bigger the charge, the bigger the field.

So we expect field to be proportional to charge. We also expect the field to have
spherical symmetry, as there is no preferred direction around a point. We can see
this from our field line diagrams.
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We also know from experiments that the field becomes weaker at greater distances from the Recall from Chapter 11

charge. A charged balloon does not pull as hard at your hair if you move it further away. We need of Nelson Physics
to know how the field strength varies with distance. We can use field line diagrams to work it out. Units 1 & 2 for the

The field lines become less dense the further away they are from a point charge (Figure 3.16). If Australian Curriculum
you draw concentric circles around a point charge, the number of field lines crossing each circle that light intensity

is constant. However the density decreases with the radius of the circle. In three dimensions,

1
. . . N L . . decreases with —
the field lines radiate out in all directions. If you imagine concentric spheres around a point r

charge, the number, n, of field lines crossing each sphere is the same. However the density of lines for a point source of
decreases with the square of the radius because the area of each sphere is proportional to 72. light.
.. number .
Density is , and area of a sphere = 412, So density = .
area 4mr?
Hence, the field strength, which is proportional to the field line density, decreases with

1
distance squared from the source. This r_z form is common to #// point sources, whether they are

sources of electric field, gravitational field, light or sound waves.
The electric field due to a charged particle or a spherical charged object is:

|1 |4
41re, ) r?

where £y = 8.9 X 1072C?>*N'm™? so the constant

=9 X 10°Nm?*C™2

me,
This expression meets the requirements described above.

The constant is sometimes known as the Coulomb constant, after Charles-

41rg,
Augustin de Coulomb, and given the symbol . The constant g is called the permittivity of

free space. It tells us how the field varies in a vacuum, as well as giving us the correct units for
field. This is an important physical constant. The speed of light depends on this constant, as we
shall see in Chapter 5.

Figure 3.17 shows a plots of field strength as a function of distance for a positive and a
negative charge.

a E b E

«Figure 3.17
Plots of E(r) for a) +g
and b) —g

You already know that electrons and protons have electric charge. We can now calculate the
field around these particles.

WORKED EXAMPLE 3.6

Calculate the electric field due to a proton at a distance of 8.0 x 10-""'m. This is the average orbital radius of the
electron in a hydrogen atom. This distance is four orders of magnitude larger than the size of the proton, which
is about 107®*m, so we can freat the profon as a point charge. (4 marks)

Answer Logic

E = L 4 Relate field to data given. 1 mark
Ameg ) r?

g=16x10"7C Find values needed but not given. 1 mark
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(1.6 X107 C)

E=0Q0XT0°NmMCHYy X >~————~ Substitute values, including units. 1 mark
(8.0 X 107" m)?

E=23x10"NC"! Calculate the final value. 1 mark

Try this yourself

Calculate the electric field due to a proton at distances of T X 107°m (a typical distance (3 marks)

between atoms), 1Tcm and Tm.

QUESTION SET 3.1

Remembering
1 Write down the relatfionship between the electrostatic force and electric field.
2 Whenis an electric field directed towards a charge, and when it is directed away from a charge?

Understanding

3 Consider the two arrangements of charges shown below in Figure 3.18. Compare the electric field at point
P in the two cases. Is it the same in each case? If not, which is larger and why?

g, Lt =
P
°
P
/x\ d
e AN d
+tq {"H] Gmmmmmmmeen mmmm oo oo -0
d +q +q +q +q  <«Figure 3.18

4 Draw a table comparing the properties of electric fields and gravitational fields. List similarities and
differences.

Applying
5 Calculate the electric field at a distance of 10cm away from a point charge of +5.0mC.

6 Calculate the acceleration of an electron in a constant electric field of 95NC-', directed upwards. In
which direction does the electron accelerate?

7 A pollen grain of mass 0.001g and charge 0.05nC starts at rest in an electric field of 8ONC-'. Assuming no
other forces, how far does the pollen grain move in T minute?
Analysing
8 Draw a field diagram for the:
a electric field around two nearby positive charges.
b electric field around two nearby negative charges.
c gravitational field around the Moon and Earth.

Coulomb’s law

You already know that charges exert forces on each other. Now that we know what the field
due to a point charge is, we can quantify those forces that the charge exerts on a second
charged particle.
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If our first point charge has charge Q then it creates an electric field:

2 a)3
41e, ) r?

Using the definition of electric field, E= E, the force exerted on a second point charge
with charge g is: 9
Fekg=|—— |
4rtey ) r?

This is known as Coulomb’s law. It describes the force that a point charge Q exerts on
a second point charge 4 when they are separated by a distance 7. The force will be directed
towards or away from charge Q. Remember that forces are vectors. The form of Coulomb’s law
given here only gives the magnitude of the force. You should always draw a diagram to show
the direction of the force. Remember: like charges repel and unlike charges attract.

If we now write an equation for the force that charge ¢ exerts on charge Q, we get exactly the
same expression. This should not come as a surprise. From Newton’s third law, whatever force ¢
exerts on (, Q must exert an equal and opposite force on ¢. According to Newton’s third law:

F(by g on Q) and F(by Q on ¢):

* are equal in magnitude

* are opposite in direction

* have the same fundamental nature
AND

* each force acts on a different object.

This is shown in Figure 3.19.

The gravitational and electric forces depend on the product of the property of the objects
that creates the field, and decreases with the square of the distance between the objects.

Coulomb’s law states that the force that one charged particle exerts on a second
charged particle is given by:
1
po|Ljos
dme, ) r

where Q and q are the charges on the particles, ris the distance between them and
¢, is the permittivity of free space.

The force is attractive if the particles have unlike charges, and repulsive if they
have like charges.

Quantisation

You may wonder how negatively charged electrons can orbit the positively charged
nucleus of an atom without being attracted into the nucleus and colliding with it. As you
saw in the previous chapter, the development of Newton's law of universal gravitation and
Kepler's laws gave us a model for planetary motion that helps us understand how Earth
and the other planets orbit the Sun without crashing into it.

Niels Bohr noted that Coulomb’s law has the same form as Newton’s law of universal
gravitation. He applied the planetary model developed by Newton and Kepler to atoms,
substituting the Coulomb force for gravity. However, this still left other problems unsolved.
To make the model work, he infroduced quantisation. In Bohr's model the electrons can
only sit in defined, quantised, orbits and so are prevented from falling into the nucleus.

AFigure 3.19 Two
charges exert forces on
each other.

You will study Bohr's
planetary model

in the chapter on
quantum mechanics,
as well as the more
modern quantum
model of the afom.
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i See if you can find
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i and velocity that

i will result in the

i electron orbiting !
i the profon and not
i colliding with it.
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WORKED EXAMPLE 3.7

Calculate the force exerted by a proton on an electron at a distance of 8 X 10~ m. This is the orbital radius of
an electron in hydrogen. (4 marks)

Answer Logic
F = . Q_zq Use Coulomb’s law fo relate force 1 mark
dme, | r to data given.
g=-Q=16x10"C Find values needed but not given. 1 mark
— -19 -19
F=(90x10°Nm? C) ><( 16x10°7 ©)(A.6 X107 €) Substitute values, including units. 1 mark
(8 X 107" m)?
F=-36x10%8N Calculate final value. 1 mark
The negative sign indicates that the force is towards
the proton. We could also have done this by simply
taking the answer to the previous example and
multiplying it by the charge of an electron:
F=FEg=23x10"NC' x 1.6 x 1077C
=-3.6 X 108N
Try these yourself
1 Calculate the force on an electron due to a helium nucleus at the same distance. (4 marks)
2 Calculate the force on the helium nucleus due to the electron. Compare it with the force on (2 marks)

the electron due to the helium nucleus.

QUESTION SET 3.2

Remembering
1 Copy and complete the following table by writing ‘attractive’ or ‘repulsive’ in the spaces.

Force by — Positive charge Negative charge
onl

Positive charge

Negative charge

Understanding
2 Two charges, gy and g,, are such that g; = 3g.. What is the ratio of the force Fq] ona, fo qu - q1’?

3 Draw a table comparing the forces between two spherical or point-like masses and two point-like charges.
List both similarities and differences.

Applying
4 Calculate the force on a charge of +2.0mC a distance 10cm away from a point charge of +5.0mC.
5 a Afwhat distance from a proton does an electron experience a force of 2.3 X 10717N?
b At what distance does the force have half this value?
c What is the force if the distance is doubled?
6 What charge is needed to exert a force of 1N on a charge of 1 mC at a distance of 1m?

>
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Analysing
7 Two positively charged objects are a distance 1m apart. The first object has a
charge of +1C. The second has a charge of +2C, as shown in Figure 3.20.

a Along the line shown, is there a position at which a positively charged object can
be placed such that it experiences no net force? Mark the approximate position.

b Along the line shown, is there a position on the line at which a positively
charged object can be placed such that it experiences no net force? Mark
the approximate position.

8 Adipole, such as that shown in Figure 3.7, is in a uniform electric field such that
initially the line joining the two charges is perpendicular to the field lines.

1m
R

+1C +2C
AFigure 3.20 Find the
position on the line

at which a negatively
charged object
experiences no net force.

a Draw a diagram showing the dipole in this position and show the forces acting on the two charges.

b Explain why there is a torque but no net force acting on the dipole.
c Describe what happens to the dipole if it is free fo move.
d

Draw a diagram showing the forces acting on the dipole if it is aligned with the field. Is there a net

tforque in this case?

Energy transfers and
transformations in
electric fields

You already know a lot about energy. You know that there are two types of energy: potential
energy and kinetic energy. Objects that are moving have kinetic energy and we can say that
objects that are subject to a force have potential energy. You have already seen and used this
many times for the gravitational field close to Earth. Although, strictly, it belongs to the field,
we can say that the potential energy of an object of mass 7 in the gravitational field g at a height
h above the surface of Earth is mgh.

You also know that energy is conserved. When you lift up an object such as a pencil and
then drop it, gravitational potential energy is transformed into kinetic energy (Figure 3.21a).
This transformation happens because of the gravitational force exerted by the gravitational field
on the pencil.

Remember from Chapter 2 that the gravitational force is given by F = mg. From your studies
of work and heat in Nelson Physics Units 1 & 2 for the Australian Curriculum you know that the
work, W, done by a force, £, on an object as it is displaced a distance, s, in the direction of the
force is W= Fs. Hence, when the pencil falls through a height 4, the gravitational field does work
on the pencil, W= mgh.

The same happens to a charged object in an electric field (Figure 3.21b). If the object starts
at rest and is allowed to move, it will accelerate. We can say that it accelerates because the field’s
potential energy is converted to kinetic energy; we can say that it accelerates because the force
(due to the field) does work on it. These two views are equivalent.

Just as the gravitational field does work on an object falling or being lifted in a gravitational
field, the electric field does work on a charged object moving in an electric field. The electric
field does work because it exerts a force through some distance. The work done is equal to the
change in the potential energy of the system.

Although we often say that an object has potential energy, this is not strictly correct. It is the
combination of objects that make up the system that has potential energy. A pencil held above
the ground does not really have potential energy. It is the combination of Earth and pencil that
has the potential energy. We could also say it is the gravitational field and the pencil, because in
the field model of gravity it is the field that applies the force to the pencil. Potential energy exists
whenever a force acts between objects. Similarly, a small isolated charge cannot be said to have
potential energy. It only has potential energy because of its interaction with an electric field,
which is due to some other charged object. Again, the potential energy is due to the application
of a force to the charge, which occurs via the field.

9780170242110

You studied energy in
Nelson Physics Units 1
& 2 for the Australian
Curriculum, when
you looked at heat
and work in Unit 1
and again when you
looked at energy
conservation and
forces in Unit 2. The
idea of work being
done by an applied
force is used again
here.

{ ELECTRIC
FIELD

i Position two or more
i charges in the

¢ electric field. Click
‘go’ to see how

i they accelerate.

i You can also view
i the electric field
lines and lines of
equipotential.

Remember that
although we falk about
the potential energy of
an object, the potential
energy really belongs
fo the system of
objects - fo their field.
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Figure 3.21

a) A dropped pencil
has gravitational
potential energy that

is fransformed into
kinetic energy. b) A
charged bubble in an
electric field has electric
potential energy that is
converted info kinetic
energy.

Potential difference
in circuits was
studied in Nelson
Physics Units T & 2
for the Australian
Curriculum.

V is the symbol for
potential or potential
difference. It has the
unit volt, V. Try not fo
confuse the quantity
with its unit!

Think carefully
about your system
when you apply
conservation of
energy. Make sure
you know whether
your system is open,
closed or isolated.
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Hence, fields are not only a way of exerting a force at a distance: frelds also store energy.
The gravitational field stores gravitational potential energy and the electric field stores
electric potential energy.

a b

<1
e
el
<t
<
leot]

Electric potential energy
and electric potential

When you studied circuits in Nelson Physics Units 1 & 2 for the Australian Curriculum, you
met the idea of potential difference. To understand potential difference we first need to
understand electric potential.

Electric potential (or simply ‘potential’) has the same relationship to potential energy that field

F

has to force. The field is defined as the force per unit charge: £ = —. The potential is defined as the
9

potential energy per unit charge: V' = —.

The units for Vare joules per coulomb, JC™, also known as volts, V.

When you studied circuits, the potential was defined relative to the ground. We assign the
ground (or earth) connection a potential of 0V. If there is no earth connection, then we usually
define the zero of potential as being infinitely far away from any charged objects.

We can change where we decide to place the zero’ of potential, so we usually talk about
potential differences rather than potentials. A potential difference is the difference in electric
potential between two points:

AU
AV = Vi = Viniga = ——
9

The unit for potential difference is the volt, V, the same unit as for potential. Sometimes just
the symbol V'is used for potential difference, but really the A should be included to indicate that
it is a difference, not an absolute value. Sometimes potential difference is called voltage, from
the unit volt, just as power is sometimes referred to as ‘wattage’. The term ‘potential difference’ is
more precise, but ‘voltage” is more common.

The change in potential energy when a charged particle is displaced in a field is equal to the
work done on the charged object. This is a consequence of conservation of energy. Any work done
on the system by moving the charge in the field appears as an increase in the potential energy of
the system, assuming that the charge begins and ends at rest or at the same speed. The change in
potential is the work done per unit charge. Hence we can also write the potential difference as:

9
When an object moves in a field, work is done by or on the field and the potential energy
of the object in the field changes. The change in potential can be written as either:

w
AV = ﬂ or AV = —

q q
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WORKED EXAMPLE 3.8

An alpha particle of charge 3.2 x 10'7C moves a distance of 1.0m along Earth’s fair weather field lines. The
field is 100V m~' so the particle passes through a potential difference of 100V. What is the change in potential
energy of this particle? (4 marks)

Answer Logic

AU _
AV = 7 Relate energy to potential. 1 mark
AU = gAV Rearrange for change in energy. 1 mark
AU = (3.2 x 10717C)(100V) Substitute numbers including units. 1 mark
AU=32x10"7J Calculate final answer. 1 mark

Note that we have not specified the direction in
which the alpha particle moves, so we do not
know whether the change in potential energy is
positive or negative.

Try this yourself

What is the change in potential energy of an electron moving through this potential (4 marks)
difference?

A positively charged object released from rest in an electric field will be accelerated in the 8
direction of the field. The force exerted on the object by the field acts to increase its kinetic 57
energy. From conservation of energy, this kinetic energy must come from somewhere. It comes i CHARGES,
from a decrease in potential energy. Hence the positive charge has moved from a point of higher { FIELDS AND
electric potential to one of lower electric potential, so AV must be negative. i POTENTIALS

If a negatively charged object moves from higher to lower potential so that AVis negative,

| Set up some
then the change in potential energy, AU, is positive. This can only happen if the charge has i P

i charges then

some initial kinetic energy, or if some external force is doing work on the system. This is shown ! move the gauge
in Figure 3.22. This is the case for an electron in a circuit passing through a battery. i around to measure
Table 3.2 summarises the changes in potential and energy when a charge moves in a field. ! the potential at .
The field will do work on the charge when a positive charge moves with the field or a negative i different points.
charge moves against the field. Work must be done on the system to make a positive charge ¢ Try it with asingle
move against the field or a negative charge move with the field. i charge, then with
i adipole.
a b c d
E E E E
+qo——>» +g - tqr€——=o +¢q - —qe——>» —q - —qr€——e —q :
AU<0 = AU>0 . AU>0 N AU<O0

AFigure 3.22 Energy changes when a charge moves in an electric field. a) A positive charge moving in the direction of the
field, b) a positive charge moving against the direction of the field, ¢) a negative charge moving in the direction of the field,
d) a negative charge moving against the direction of the field.
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We can use the
idea of derivatives
fo relate the field
fo the potential
mathematically.

adv
The field is E=——

ax -’
You can see this
from the units: Vm='
and V respectively.
Force and energy
are related in the

au

same way: F= e

Be clear about
potential, potential
difference and
potential energy.
Potential is the
potential energy per
unit charge at a
point, relative to
some zero point.
Potential difference,
sometimes called
voltage, is the
difference in
potential between
two points.
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Table 3.2 Changes in potential and energy for a charge moving in a field

Charge Movement Change in Change in Work done by
with or against | potential potential or on the field
the field lines energy
+ With Negative Negative By
(decrease) (decrease)

4 Against Positive Positive On
(increase) (increase)

- With Negative Positive On
(decrease) (increase)

- Against Positive Negative By
(increase) (decrease)

In a circuit, when an electron passes through a resistor, it goes from a point of lower
potential to one of higher potential. (Remember that electrons travel in the opposite direction
to conventional current.) As it does so, the potential energy of the electron decreases. We also
know that the current through a single loop circuit is the same at all points. Electrons are not
created or destroyed in a circuit. Therefore, if the current is the same, the electrons will have
the same drift speed, and the kinetic energy of the electrons has not changed. We know from
conservation of energy that the energy must be somewhere, and in fact it appears as heating of
the resistor.

Electrons and other subatomic particles moving through potential differences are so
common that a special unit is used to describe the change in energy when this happens. When
an electron moves through a potential difference of 1V it has a change in energy of AU = gAV
=eAV= (1.6 X 107PC)(1V) = 1.6 X 1077] = I electron volt. The electron volt or €V is
a good size for describing the energy of subatomic particles. The SI unit joule is very large by
comparison. You will see the unit electron volt a lot whenever you study quantum physics,
particle physics or radiation. It is also used in chemistry to describe the energy of reactions.

The zero of potential energy

You may have noticed that we have mainly been talking about changes in potential and potential
energy because this is what we measure. These changes can be positive or negative. Potential and
potential energy can themselves also be positive or negative, depending on how we define the
zero of potential energy. We use the same convention in electrostatics as we use in gravity. The
zero of potential energy is when the components of the system are infinitely separated, so all the
charges that make up the system are very far apart.

Consider the case of two positive charges very far apart. This arrangement has zero potential
energy. If we want to bring them closer together into some final arrangement, we have to do
work on them because they will repel each other. We put work into the system, so the final
potential energy is positive. Now consider a positive charge and a negative charge very far apart,
so they have zero potential energy. They will act to attract each other without external work
needing to be done. If we release them from far apart they will move closer together, gaining
kinetic energy and hence losing potential energy. A system of a positive and negative charge at
any separation less than infinite has negative potential energy. This is also the case for a pair of
masses, as gravity is always attractive.

We define the zero of electric potential energy as all charges in the system being
infinitely far apart. Any other arrangement may have positive or negative potential
energy.
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WORKED EXAMPLE 3.9

An electron in an X-ray machine is accelerated through a potential difference of 100kV before colliding with a
target and emitting X-rays. What is the energy of the electron just before it hits the target? Give your answer in
electron volts and joules. (6 marks)

Answer Logic

E =AU By conservation of energy the kinetic energy is 1 mark
the change in potential energy.

E =AU=qgAV Relate the energy fo the parameters given. 1 mark

E = e(100000V) Substitute numbers, with units. 1 mark

E,_=100keV Calculate final value. 1 mark

E_=100keV X 1.6 X 10719C = 1.6 x 107'4J Convert units. 1 mark

You can see that the unit eV is much more
suitable for describing energies on this scale
than the joule, even when large potential
differences are involved.

Try this yourself

Find the speed at which the electron will be moving after passing through this potential (3 marks)
difference. Note that to get a better estimate of the speed we should really use a relativistic
model, as described in Chapter 6.

EXPERIMENT 3.1
MAPPING EQUIPOTENTIALS

Equipotentials are lines or surfaces along which the potential is constant. Hence, the potential difference
between any two points on an equipotential is zero. Lines of equipotential are always perpendicular o field
lines. This means that we can use lines of equipotential to construct field lines.
Aim
To map lines of equipotential and use these to draw field lines for a dipole
Materials

12V DC power supply with leads

conductive paper

voltmeter
What are the risks in doing this experiment? How can you manage these risks to stay safe?
Power supplies can be dangerous if not used Only connect the power supply as instructed.
correctly. -
Keep liquids away from the power supply.

In your write-up, add any more risks you can think of, as well as ways fo manage them.
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Procedure

1 Aftach the positive ferminal of the power supply to a point near one end of your conductive paper and the
negative terminal near the other end as shown in Figure 3.23. You now have a dipole with a positive and
negative electrode on your paper.

<«Figure 3.23 Experimental set-up

2 With one probe from your voltmeter touching the negative electrode, move the other probe around on the
paper until you get a reading of 2V (Figure 3.24). Mark this point.

<4Figure 3.24 Measuring the potential

3 Carefully move the probe around and mark other points of 2V potential on the paper. Join the dots: this is
your first equipotential line. Label this line.

4 Repeat steps 2 and 3 fo map out equipotential lines of 4V, 6V, 8V and 10V potential. Label these lines on
the paper.
Results

You should now have a piece of paper showing a set of lines of equipotential. Record the positions of the
electrodes on your paper by tracing around them.

Analysis of results

Use the equipotential lines fo draw electric field lines for your arrangement of electrodes.
Plot graphs of potential as a function of distance from one of your electrodes. Do this for the line joining the two
electrodes and one other line.

Discussion

Are the equipotential lines equally spaced?

Do the field lines look the way you would expect from the field line drawings in Figure 3.7?

Describe the relationship between potential and distance from the electrodes. Can you write an equation
to describe this relationship?

Taking it further
How could you extend this experiment?
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QUESTION SET 3.3

Remembering
1 What is the relationship between electric potential and electric potential energy?
2 What are units for electric potential, potential difference and potential energy?

Understanding
3 Show that 1V is equal to Tkgm?2s-3A-"in Sl base units.

4 An alpha particle is ejected from a radioactive atom, leaving behind a negative ion. As the alpha particle
moves away from the ion, is work done by or on the alpha particle by the field due to the ion?

Applying

5 A charge of 2.0C flows through a resistor. The potential difference across the resistor is 1.5V. Given that
the electrons have the same kinetic energy at each end of the resistor, how much energy must be
dissipated by the resistor?

6 A current of 1.0A flows through a 12V battery for 1.0s. What is the change in potential energy of the
battery?

Analysing
7 What is the speed of a particle that has been accelerated from rest through a potential difference of
1000V when the particle is:
a an electron?
b a proton?
c an alpha particle?

Reflecting

8 How has your understanding of what goes on in electric circuits been changed as a result of this Unit?
Draw a concept map linking the concepts that you learnt in Nelson Physics Units T & 2 for the Australian
Curriculum Unit T with the new ideas infroduced in this unit.

9 Draw diagrams summarising your understanding of potential energy in gravitational and electric fields.
Include diagrams showing how potential energy changes when charged objects and objects with mass
are moved from the zero of potential energy to some final position.

CHAPTER SUMMARY

+ Electric charges create electric fields.

+ Electric fields exert forces on electric charges.

+ The electric field is the force per unit charge acting on a small positive test charge. It has units NC™ and is a
vector.

+ Electric field lines show the direction of the electrostatic force acting on a positive test charge.

+ Electric field lines go in to negative charges and come out from positive charges.

+ An electric dipole is a closely spaced pairs of positive and negative charges.

+ Dipoles experience a forque in a field.

+ The kinematics equations are used to model the motion of a charged particle in a uniform field.

+ The electric field due to a point charge varies with the size of the charge and decreases with the distance
squared from the charge:

o
4me, | r?
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+ The force that one point charge, Q, exerts on a second point charge, g, is given by Coulomb's law:

e (1 )ea
dme, ) r?

+ Electric fields store electric potential energy.

+ The potential energy stored by the field changes when work is done on or by the field.

+ Electric potential is the potential energy per unit charge in an electric field. It has units JC' or V.

+ Potential difference is the difference in potential between two points in an electric field. It also has units V

and is sometimes called voltage.

CHAPTER GLOSSARY

coulomb the unit of charge, named after Charles
Augustin de Coulomb

Coulomb constant the constant of proportionality
1
for electric fields, k. = yr——— 9 X T0°Nm2C—2
TEo
Coulomb’s law the relationship between force,
charge and distance for two point charges

dipole a closely spaced pair of positive and
negative charges (electric dipole) or north and south
poles (magnetic dipole)

electron charge charge of an electfron, —1.6 X 107° C
electric field the field due to electric charges,
which applies a force to electric charges

electric potential potential energy per unit charge
in an electric field

electric potential energy the potential energy
stored in an electric field; the potential energy of a
charge in an electric field

electromagnetic force the combination of electric
and magnetic forces acting on a charge, due to an
electric and a magnetic field

electron volt, eV a unit of energy equal to 1.6 X 1071%J

electrostatic field model the model that assigns an
electric field to stationary charges; it is this field that
exerts forces on other charges

electrostatic force force due to and acting on
stationary charges

permittivity of free space, g, the physical constant
that determines how large an electric field is
produced by a charge in vacuum. It has the value
8.9 X 10712C2N"m2

polar having regions of positive and negative charge
potential difference the difference in potential
between two points in an electric field

uniform field  a field with a constant magnitude
and direction over some region in space

van der Waals forces electrostatic forces due to
charged regions of molecules, resulfing in weak
chemical bonds including hydrogen bonds

voltage more correctly called the potential
difference, it is measured in volts

volt, V unit of potential difference, 1V = 1JC!

CHAPTER REVIEW QUESTIONS

Remembering

1 How is electric field related to force?

2 How is electric potential related fo electric potential energy?
3 List three ways in which electric fields and gravitational fields are similar.

Understanding

4 Two charged particles enter a uniform electric field, as shown in Figure 3.25. Both particles have the same

magnitude charge.

a Which of the two charged plates creating the field shown is the positively charged plate?
b What can you say about the charges and relative masses of the two particles?

20—

\

«Figure 3.25
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5 Two small balls with equal positive charges are hung from retort stands as shown in Figure 3.26. Draw a
diagram showing how the balls will hang if the charge on the second ball is reduced but that on the first
ball remains the same. Clearly show how the angles change.

=== <dFigure 3.26

6 Two small balls with equal positive charges are hung from retort stands as shown in Figure 3.26 above. Draw
a diagram showing how the balls will hang if the charge on the second ball is removed but that on the first
ball remains the same. Clearly show how the angles change.

7 Consider three charged particles, a helium nucleus and its two orbiting electrons, arranged as shown in
Figure 3.27. Rank the magnitudes of the forces Fyonb. Faone Foonar Foone Feona @Nd Fsonp from smallest to
largest.

«Figure 3.27

8 The dome of a van de Graaff generator is charged up such that there is an electric field in the region
surrounding it. A small test charge with charge g is brought info this region and placed at a point P. If the
test charge is replaced with a small test charge of 2g, what happens to:

a the electric field at point P?

b the force on the fest charge?

c the electric potential at point P?

d the potential energy of the dome or test charge system?

9 The field at a distance of 1 m from the dome of a van de Graaff generator is 1000V m~'. Model the dome as
a point charge at this distance.

a By how much would the charge on the dome need to increase for the field at this point to double?
b At what distance from the dome is the field now 1000V m~'?

Applying

10 A dust particle has a mass of 1T X 10-¢g. What charge must this dust particle have for the electrostatic force
on it due to Earth’s fair weather field with magnitude 100V m~' to balances the gravitational force? Give the
sign and magnitude of the charge.

11 A polystyrene bead with mass 1.0g and charge +1.0nC is in an electric field of 50V m~'. Calculate the force
on and acceleration of the bead due to the field.

12 An electron moving at 25kms™" enters a uniform electric field of magnitude 550V m™" in the direction of its
velocity.

a What is the force on the electron?
b After what distance does the electron come to a stop?
13 Two protons in a molecule are 3.80 X 10-°m apart.
a Find the magnitude of the electric field due fo one of the protons at this distance.
b Find the magnitude of the electrostatic force exerted by one proton on the other.

14 An electron moves in an electric field from a point at which the potential is 1.5V to a point af which the
pofential is 3.5V.

a By how much does the potential energy of the electron-field system change?
b Is this change positive or negative?
¢ Where does the energy come from or go fo?
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15 Two protons in a nucleus are a distance 2.0 X 107*m apart.
a What is the magnitude of the electrostatic force that they exert on each other?
b What is the magnitude of the gravitational force that they exert on each other?
¢ Repeat parts a and b for a pair of neutrons the same distance apart.
Analysing
16 A proton is released from rest in a uniform electric field.
a Describe the motion of the proton.
b Describe the changes in the:
i profon’s kinetic energy.
ii potential energy of the proton-electric field system.
c Does the field do work on the proton, or does the proton do work on the field?

17 An electron moving at 20kms™' enters a uniform electric field of magnitude 500V m™" in the direction of its
velocity.

a What is the kinetic energy of the electron?
b Use an energy approach to calculate the distance it takes for the electron fo come to a stop.

c What is the potential difference between the initial point at which the electron entered the field and the
point at which it comes to a stop?

Reflecting

18 Read about Earth’s electric field and the global circuit. Compare and contrast this circuit with circuits that
you learnt about in Unit 1. Prepare a 10-minute falk on Earth’s electric field and the global circuit that could
be presented to students currently studying the Unit T module on circuits.

19 The field model allows us to explain how forces act at a distance. Research one alternative model and
summarise its main features. What evidence supports this other model? Contrast this model with the field
model. Evaluate the two and determine which is the better model.

20 Draw a spider diagram to connect all the concepts and equations in this chapter.
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CHAPTER 4
MAGNETIC

+ Current-carrying wires are surrounded by * Magnets, magnetic materials, moving
magnetic fields; these fields are utilised in charges and current-carrying wires
solenoids and electromagnets experience a force in a magnetic field;

- The strength of the magnetic field produced this force is utilised in DC electric
by a current is called the magnetic flux motors
density

hutterstock.com/Daniel Gple




Figure 4.1 A
Earth’s magnetosphere

Remember that a
vector quantity is
written as A, and it
has a magnitude
and direction. The
magnitude of vector
A is written as A.

Infroduction

We have seen that gravitational fields are created by objects with mass, and that electric fields are
created by objects with charge. The third field model that we will now explore is the magnetic
field. Magnetic fields are important to us in many ways. Earth has a magnetic field that protects
us from cosmic rays from the Sun (see Figure 4.1). Magnetic materials are used in many devices,
such as transformers and USB drives. Magnetic fields interact with electric fields to make motors
and generators work.

Earth’s magnetic field has been used for navigation by
animals such as pigeons, sharks, bees and bacteria for millions
of years. Humans have used it for thousands of years: there is
evidence that the compass was used in China in the 13¢th
century BCE. Animals such as pigeons, sharks, bees and
bacteria have used it for millions of years. The Greeks knew
about magnetism as early as 800 BCE. They discovered that
the stone magnetite (Fe;Oy) attracts iron. One legend says
that the material magnetite was named after the shepherd
Magnes. The iron nails of his shoes reportedly stuck to pieces
of magnetite as he pastured his flocks. The words ‘magnet’ and
‘magnetism’ derive from ‘magnetite’.

Most magnetic materials in use today still contain iron.
These materials make transformers and electromagnets more

Peter Reid (peter.reid@ed.ac.uk)

efficient. We use magnetic materials for most of our data
storage including hard drives, USB drives and credit cards.

William Gilbert, an English physician in the 16th century, hypothesised that Earth itself
is magnetic. He deduced from this that the centre of Earth is made of iron. He also performed
many experiments with magnets and discovered that cutting a magnet in half results in two
smaller magnets, 7ot in separated north and south poles.

In the 19th century, experiments by Michael Faraday and Hans Christian Oersted, as well
as many others, showed that magnetic fields arise from currents. Hence, moving charges are a
source of magnetic fields.

Magnetic materials such as magnetite remained a mystery; it is only in the last hundred years that
quantum mechanics has begun to explain these materials. It is the properties and behaviour of
fundamental particles such as electrons that give rise to the magnetic behaviour of iron.

This means that to understand magnetism we need to extend our previous model, the
electrostatic field model. We must include moving charges. When we do this, our new model is
called the electromagnetic field model. We will look at the magnetic field part of this model
now. In the next chapter we will look at how the two fields interact to give us electromagnetism.

The magnetic field

We can measure the magnetic field by its effect on moving charges, for example a current in
a wire. Experiments using lengths of current-carrying wire in magnetic fields show that the
magnetic force on the wire depends on three things:

* the size of the current carried
* the strength of the magnetic field

* the angle between the direction of the current and the field.

These observations can be summarised mathematically as:
F = [¢Bsin6

where Fis the magnitude of the force vector F , Bis the magnitude of the magnetic field,
B, I'is the magnitude of the current, [, € is the length along which the current flows
and 0 is the angle between the vectors I and B.
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This is not a vector equation, but it does use the magnitudes of two vectors, B and I, to give
us the magnitude of a third vector, the force, F. I is the vector representing the current and 8 is
the angle between the vectors B and 7. The angle 0 tells us how the directions of the vectors B
and 7 affect the direction and magnitude of vector F.

This expression tells us that the force is zero if B and I are in the same direction, and a
maximum when they are perpendicular to each other. Figure 4.2 shows some examples.

a b « Figure 4.2
> @ @ @ The magnetic force
applied to a current-
carrying wire depends

> @ @ @ on the angle between
= A — the current element
B F B within the field and the
@ T® @ magnetic field.
> e
( —— > I
i ® ® ®
F=0 F = I€B (up the page)
Magnetic field into
the page
c - d
B

F = I€B (to the right) F=I€B sin 6 (into the page)
Current, I, into Force into
the page the page

We have said that F is the magnitude of the force F.A complete description of the force
includes the direction of the force, because force is a vector. The magnetic field, B, is also a
vector, as is the current / because it points in a particular direction. So, just as with other forces,
the force due to the magnetic field is a vector and we need to think about directions. Magnetic

fields apply a force perpendicular to the direction of both the magnetic field and the current.
Figure 4.3V
The right-hand

The rlghf'hand I‘Ule rule for currents in

magnetic fields

To find the direction of the force we use the right-hand rule as shown in (2) Your thumb shows
Figure 4.3. Hold the fingers of your right hand together and point your the direction of the
thumb straight out, at a right angle to your hand. Move your hand so your magnetic force on
fingers point in the direction of the current. Curl them towards the field. Your a positive particle.
thumb is now pointing in the direction of the force. -

(1) Point your fingers in Fg
the direction of I and

i ) - ; then curl them towards
For example, you can point your index finger towards /, then point your the direction of B.

middle finger towards B. Your thumb will then point towards F, as shown in
Figure 4.4(a). This is exactly the same as the rule shown in Figure 4.3 except
that you leave your index finger behind when you curl your fingers.

You may come across other ways of applying the right-hand rule. You
can use whichever version you like, because they all give the same answer.

T

e
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Figure 4.4 »

There are two variations on
the right-hand rule: o) the
pointing version and b)
the right-hand slap.

: VECTOR
: CROSS
: PRODUCT

i Work through this
i simulation to see
i how the vector

i cross product

i Ax B = C varies

i as you change

i the magnitudes

i of Aand B

i and the angle

i between them.
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Some people point their thumb in the direction of 7, their fingers in the direction of B, and
then their palm is facing towards . This is sometimes called a right hand slap rule because it
looks as though you are about to slap in the direction of . This is shown in Figure 4.4(b).

These are all just mnemonics for solving a vector cross product. The important thing is
that you find the way that you can remember, and then stick to it. Just remember to always use
your right hand!

a b

o1
~i

oo T
1)

/

Vector cross product

The equation for the force acting on a current element due to a magnetic field is more
correctly written as:

F=¢(l xB)

This is a vector equation using a vector cross product (I x B) The cross product is
necessary because the force depends on the angle between | and B. The cross product of
two vectors is another vector. The vector F is perpendicular to both [ and B. It is perpendlculor
to the plane defined by I and B. It is important to note that €(/ x B) # ¢(B x I): in fact
¢(I X B) = —¢(B x I, indicating that they are in opposite directions.

If you are studying specialist maths you will already have used both the vector dot
product and the vector cross product. You will see the vector cross product C=AxB
often in physics. A, B and C are vectors and the magnitude of Cis C = ABsing. The
direction of C is given by the right-hand rule, shown in Figure 4.3.

The definition of magnetic field

From the equation ' = /{Bsin 6 we get our definition of magnetic field. The field is the force per
unit current, per unit length, which we write mathematically as:

_ F
I€sin6

The magnetic field, B, has units of NsC'm™" or in basic units kgs™ C. This has the name
tesla, T, after Nikolai Tesla. B is also called the magnetic flux density.

This definition of magnetic field is similar to our definitions of electric and gravitational
fields. All three fields are defined as force per unit ‘something’, where ‘something’ is the property
that the field acts on. In the case of gravity, the something is mass, ; for electric fields it is
charge, g; for magnetic fields it is the current element, 7. This ‘something’ — m, g or 1€ —is also
the property that creates the field.

The unit tesla, T, is a large unit. Most magnetic fields that you come across are measured
in micro- or millitesla (see Table 4.1). Only in the last few decades have we been able to create
magnetic fields larger than a few tesla.
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Table 4.1 Some typical magnetic field strengths

Source of field Magnitude, T (approximate)
Earth (surface) 3x10°%to 6 X 10°°

Typical fridge magnet (surface) 5x 107

Modern rare earth magnet (surface) 1

Medical MRI system (inside) 3

Strong research facility field 100

Neutron star >108

WORKED EXAMPLE 4.1

An overhead power line carrying a current of T0000A is in a magnetic field of 30 wT. The field is perpendicular to
the wire. What force per unit length does the wire experience? (4 marks)

Answer Logic

F = ItBsin® Relate the force to the field and current. 1 mark
F/¢ = IBsin® Rearrange for force per unit length. 1 mark
F/¢ = (10000A)(30 x 107°T) sin (90°) Substitute values with units. 1 mark
F/¢ = 0.30AT = 0.30NmM™! Calculate the final answer. 1 mark

This is quite a large force considering how long a span of high voltage power line is.
However, remember that the current is alternating 50 times per second. The force also
alternates direction rather than constantly pulling the wire in a single direction.

Try this yourself

What total force would be exerted on a span of the wire if it was 200m long? How does (4 marks)
this force compare with the gravitational force acting on the wire if the wire has a linear
density of 7560kgkm~"?

Charges moving in magnetic fields

A current is a collection of charges moving in the same direction. Recall from Unit 1 that

The force acting on
current is charge per unit time, / = . A current experiences a force in a magnetic field; a charged particle
moving with velocity,
Vv, in a magnetic
field, B, is given

therefore, we expect that a single moving charge will also experience a force. Experiments show
that this is the case. The equation for the force is the same, but we need to replace /¢ with gu.

Now /£ = qT = gqv. The magnitude of the force is given by mathematically
by the vector cross
F = (qv)Bsin 6 product F = qv X B.
This is another
where g is the charge on the particle, measured in C, » is the magnitude of its velocity in example of the use of
ms~, and 0 is the angle between the vectors g7 and B. The direction of the force is again fgf;sfé SSS products

perpendicular to both the magnetic field and the velocity.

We need to use the right-hand rule again (Figure 4.3). Point the fingers of your right hand
in the direction of the velocity, then curl them towards the field. Your thumb gives the direction
of the force. Note that g and # are together in brackets. Hence if the charge is negative, the

direction of g7 is opposite the direction of #. In this case your fingers start by pointing opposite
to 7 and then curling towards B.
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A particle with charge g moving at velocity vin a magnetic field B experiences a
force given by:

F = qvBsin6

where 0 is the angle between the field and the velocity of the particle. The direction
of the force is perpendicular to both the velocity and the field and is given by the
right-hand rule.

Once we have the force on the moving charge (Figure 4.5a), we use Newton’s laws to
calculate the acceleration. We can then use kinematics to determine its trajectory (Figure 4.5b).

Figure 4.5 »

d) The force on a 4
positively charged /
particle in a magnetic The magnetic force is 4

ﬁekljcéi; Eﬁ;%%?g igrL:IC{c;gg perpendicular to both ¥ and B. LiOE

particle’s velocity. F
b) The forces on
positively and negatively
charged particles in
a magnetic field. The

dashed lines show the
paths of the particles. B

The magnetic forces
on oppositely charged
particles moving at the
same velocity in a
magnetic field are in
opposite directions.

=i

WORKED EXAMPLE 4.2

An alpha particle entfers Earth’s magnetic field at a velocity of 55000ms™'. The local field strength (magnetic
flux density) is 40 uT. What is the range of possible accelerations of the alpha particle? (9 marks)

Answer Logic
a= £ Relate acceleration to force using 1 mark
" Newton’s second law.
F = quBsing Relate the force to the given parameters. 1 mark
quBsin® . .
a="—- Relate acceleration to the given 3 marks
” parameters: acceleration, 2, can have
) —quB +qvB
any value in the range ——— to ——.
m m
g=26=2Xx16x10"7"C=32x10"C,
m = 6.6 X 1077kg Find the values needed. 1 mark
qvB 1 mark
a=-— Substitute values with the correct units.
m
_ (82x107C)(55000m s 1)(40 X 10°T)
6.6 X 107%7kg
a=11x10ms™2 Calculate the final value. 2 marks

Acceleration can have any value between —1.1 X 108ms™
and +1.1 X 108ms~2. The value depends on the angle
between the velocity and the magnetic field.

Try these yourself

What acceleration would an electron entering this field at the same speed have if it was moving (7 marks)
in a direction:

a perpendicular to the field?
b parallel to the field?
¢ at an angle of 45° to the field?
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Paths of particles in magnetic fields

As you saw in Worked example 4.2, fast-moving charged particles experience large forces even in
small magnetic fields. These forces result in large accelerations. You might expect, therefore, that
the field is doing a lot of work on the particle. This is not the case. Work done by a force is equal
to the product of the force and the distance over which it acts. The distance is the component in
the direction of the force only.

W = Fxcos0

where 0 is the angle between the force and the displacement, x.

Magnetic fields do no work on charged particles. The force is perpendicular to the velocity,
and hence to the displacement, at any moment in time. The field changes the direction of the
velocity, and hence the path of the particles, but not their speed.

The path of a charged particle in a uniform magnetic field depends on the angle between the
initial velocity and the field. The path may be a straight line, a circle or a helix.

The particle has a straight-line trajectory only when its velocity is parallel to the field. In this
case the force on the particle is zero.

If the particle is moving in a plane perpendicular to the field then the force is always
perpendicular to the displacement, and the particle moves in a circle.

If the particle has a velocity with a component in the direction of the field, this component
of the velocity is not altered by the field. However, the perpendicular component is altered by
the acceleration due to the field. In this case the particle follows a helical path, with the axis of
the helix in the direction of the field. Figure 4.6 shows some possible paths of charged particles
in magnetic fields.

This behaviour of charged particles in magnetic fields is very useful. Synchrotrons use
magnetic fields to contain fast-moving charged particles. The particles are contained in giant
rings, tens to hundreds of metres across. The magnetic fields keep the particles circulating in
the ring. As the particles circle, they emit high-energy light. The high-energy light is used for

medical, materials science and fundamental physics research.

a b

The magnetic force Fg acting on
the charge is always directed
toward the centre of the circle.

o1

z
x
x x q x x
C
v _B
—_— a
qe >

¥

Y

Y
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You saw this
relationship between
force and work in
Nelson Physics Units

1 & 2 for the Australian
Curriculum, Chapter 9.

A satellite in a circular
orbit experiences a
gravitational force
perpendicular

fo its velocity. No

work is done by the
gravitational field.

This is analogous fo

a charged particle
circling in a magnetic
field. No work is done,
so there is no change
in energy.

. CHARGED

. PARTICLE IN

. ELECTRIC AND
: MAGNETIC

. FIELDS

i This simulation

i shows you how a

i charged particle i
i moves in an electric |
i or a magnetic field.

i Note the shapes of

i the paths.

<« Figure 4.6

In a uniform magnetic
field, the path of a
charged particle is

a) circular when the
particle’s velocity is
perpendicular fo the
field, b) helical when
the particle’s velocity
has components
perpendicular and
parallel to the field and
©) an un-deflected
straight line when the
velocity is parallel to
the field.
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The orbiting particles
in synchrotrons move
so fast that they need
fo be modelled using
relativistic equations.
The classical field
equations predict
speeds much higher
than are actually
possible. Relativity

is discussed in
Chapter 6.

The Australian
Synchrotron is
described in more
detail in the Scientific
literacy box in
Chapter 5.

L IKNIFE

Read more about
i the iKnife and its

In a synchrotron, the magnetic field acts perpendicular to the orbiting particle’s velocity.
Hence the force on the orbiting particle is

F = quB

In chapter 1 we saw that when an object is undergoing uniform circular motion, with radius
of orbit #, its centripetal acceleration is given by

v
a=—
r

and hence by Newton’s second law the net force acting on it is

my*

It is the magnetic field which supplies this centripetal force. Equating these two expressions gives

mv

quB =
R
In a synchrotron, the orbital radius, 7, is constrained by the size of the ring. The mass and
charge are characteristic of the type of particle. Hence the orbital velocity is controlled by
varying the size of the magnetic field. The velocity is given by

B
y:ﬂ

m

Given that the particle travels a distance 277 in each period, 7, the period is given by

T = 2Tm

q

The particles used in synchrotrons are typically protons and electrons. They reach speeds
more than half that of the speed of light and hence need to be treated as relativistic particles.
This means that the actual velocity attained is not as high as calculated using the expression
above. The classical electromagnetic field model does not give an accurate prediction of the
particle speed. To more accurately calculate the speed attained we need to use a relativistic
model. Relativity is discussed in Chapter 6.

Magnetic fields are also used in mass spectrometers to determine which atoms or
molecules are in a sample of material. Mass spectrometers are used in airport security, forensic
analysis and even in surgery. The ‘iKnife’ is an electrosurgical knife that burns away tissue as
it cuts. The smoke from the tissue is passed to a mass spectrometer for analysis, and cancerous
tissue can be instantly identified.

Mass spectrometers and the fight against terrorism

You may have seen mass spectrometers at airport security
checkpoints. These are usually used for random spot checks after
you pass through the metal detector. (The metal detector also uses a
magnetic field.) These small mass spectrometers are used to detect
nifrates and other chemicals commonly contained in explosives.

A small sample is taken by wiping a swab over a person’s hands
or clothes. The sample is then ionised inside the mass spectrometer,
and the resulting ions passed first through an electric field and then
through a magnetic field. The electric field accelerates the ions in a
straight line. The moving ions then entfer a perpendicular magnetic
field. This curves their paths info an arc of a circle. The radius of A
curvature depends on the mass and charge of the ions. Hence the B
curvature can be used to determine the chemicals that are present.

If nitrates or other suspicious substances are detected, then you
and your luggage will be searched.

A Figure 4.7 A sample is placed inside a
mass spectrometer at airport security.

Alamy/David Burton
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WORKED EXAMPLE 4.3

A magnetic field points in the positive z direction. Draw the path of an electron in the field with an initial velocity:
a in the positive x direction. (2 marks)

b inthe negative x direction. (2 marks)

¢ inthe positive z direction. (1 mark)

Answers Logic

a Use the right-hand rule, and remember 2 marks
Bout that we reverse the direction of g7
® ® ® because it is a negatively charged

particle. The field and velocity are
perpendicular so the path is a section
of a circle. Looking from above, the

® ® path is anticlockwise.

A Figure 4.8 An electron entfering the field in the
positive x direction follows a curved path.

b Use the right-hand rule, and remember 2 marks
Bout that we reverse the direction of g7
® @® because it is a negatively charged
Vi particle. The field and velocity are
e~ perpendicular so the path is a section
of a circle. Looking from above, the
@ ® ® path is again antficlockwise.
® ® ®
)’I
z X
A Figure 4.9 An electron enfering the field in the
negative x direction follows a curved path.
c The field and velocity are parallel, so 1 mark
Bout the acceleration is zero and the path is
® ® @ a straight line.
Vi @
€
® ® ®
® ® ®
)’I
z X
A Figure 4.10 An electron enters the field in the
positive z direction. The path is a straight line.
Try this yourself
How would the paths be different for a proton? (5 marks)
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QUESTION SET 4.1

Remembering
1 Define ‘'magnetic flux density’. What are its units?

Understanding

2 Which of the possible paths shown in Figure 4.11 is not possible for a charged particle entering a region of
uniform magnetic field?

a b c
v v
- ° —x » °
v 9 q
L]
q
A Figure 4.11

The shaded area is a region of uniform magnetic field. Which path is impossible?

3 Determine the initial direction of the deflection of the charged particles shown in Figure 4.12 as they enter
the magnetic fields shown.

a b c
B, Eup Bright
X X X X ———
>4 X X X e —
Q—> Wiy —) < ‘ D
X X X X —
X X X X e
A Figure 4.12
Applying

4 A 1m length of wire carrying QA is in a perpendicular magnetic field of 0.01 T. What is the force on the wire
due fo the magnetic field?

5 A 2.0m length of wire carrying 5.0A is at an angle of 30° to a magnetic field of 50 uT.
a What is the force on the wire due to the magnetic field?

b What is the size of the field that would give the same magnitude force if the wire was at an angle of 45°
fo the field?

6 What is the size of magnetic field necessary to balance the gravitational force on an electron moving
horizontally north at T00ms~'? In which direction does this field need to be?

7 An electron is circulating inside the ring of a synchrotron with an orbital radius of 125 m. The electron has
a velocity of 1.6 X 108 m s7'. Ignoring relativistic effects, calculate:

a the period of the electron’s orbit.
b the frequency with which it orbits.
c the magnetic field required to keep the electron in orbit.

Analysing
8 A profon and an electron entfer a uniform magnetic field. The particles are fravelling at the same speed
perpendicular to the field. Draw a diagram showing their paths and explain the differences.

9 Mass spectrometers need to ionise molecules or atoms to be able to determine what they are. Explain why.

Reflecting

10 How has your understanding of magnetic fields and forces contributed to your ability to visualise three-
dimensional effects in physics? What strategies or models have you used fo help you visualise these
effects? Compare your answer with those of others in your class.
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Sources of magnetic fields

Alamy/© sciencephotos

The relationship between magnetism and electricity was discovered in 1819 by Hans Christian
Oersted. During a lecture demonstration he found that an electric current in a wire deflected a
nearby compass needle. This showed that a magnetic field is created by the flow of charge, or current.

When iron filings or lots of compass needles are placed around a current-carrying wire, as in
Figure 4.13, they form loops. These loops show the field lines due to the current.

Iron filings do this because they become magnetised, and point along the direction of the
field. Compass needles are made from already magnetised iron or steel. A compass needle has a
north and a south pole. The north pole is attracted to south poles, and repelled by other north
poles. The south pole is attracted to north poles, and repelled by other south poles. Hence
compass needles are useful for visualising magnetic fields. The circular nature of these magnetic
field lines was first observed and published by Faraday.

Jean-Baptiste Biot and Felix Savart performed many experiments with magnets and
current-carrying wires. They found that for a point P some distance from a long, straight current-
carrying wire:

*  the magnetic field is perpendicular to both the direction of the current and to a line between

the wire and P.

* the magnitude of the field is inversely proportional to the distance from the wire to P, as
shown in Figure 4.14(b).

* the magnitude of the field is proportional to the current, as shown in Figure 4.14(c).

These observations can be summarised mathematically as:

g = Mol
2mr

where B is the magnitude of the magnetic field at a distance r from a wire carrying
current I. The constant . is called the permeability of free space.

Wo =4m X 107 7TmA!

The constant p, has the same function for magnetic fields as the permittivity of free space,
€0, has for electric fields. It tells us the strength of a field created by a given current in vacuum,
and ensures the units of field are correct. As we shall see in the next chapter, the speed of light
depends on these two constants: ., and &,.

Remember that the field is a vector. We use the right-hand rule again (see Figure 4.3) to find
the direction of the field.

9780170242110

< Figure 4.13

Iron filings show the
magnetic field lines
around a current-
carrying wire.

In Nelson Physics
Units 1 & 2 for the
Australian Curriculum
you studied light and
saw that its speed in
a medium depends
on the electric

and magnetic
characteristics of

the medium. These
characteristics are
the permittivity and
permeability. In
vacuum these are the
constants e, and .
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Figure 4.14 »

d) Measuring field
strength due to a current-
carrying wire. b) Field
strength, B, as a function
of distance, r, from a
wire. ¢) Field strength, B,
as a function of current,
I, carried by a wire.

w O

<Y

Point sources create

1
fields that vary with X
A line source, such

B 4

as a current-carrying
wire, creates a field
that varies with 1 .
Large flat sourcers
create fields that, up
close, do not vary
with distance at all.

WORKED EXAMPLE 4.4

Calculate the magnetic field strength at a distance of 10cm from a long wire carrying a current of 10A.
(3 marks)

Answer Logic
ol Relate the field to the current and 1 mark
B = 2 distance.
wr
-7 -1
B = (4 X 120 ;?1/?71 )(A0A) Substitute numbers with units. 1 mark
w .

B=2x10°T Calculate the final value. 1 mark

Try these yourself
1 Find the field at distances of 20cm, 40cm, 60cm, 80cm and Tm from the wire. (6 marks)
2 Plot a graph of field as a function of distance from the wire. (2 marks)
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Magnetic field lines

Magnetic field lines show the direction of force acting on a magnetic north pole, such as the north
pole of a compass needle. Magnetic field lines are easy to visualise using iron filings, which act

as tiny compass needles, as shown in Figure 4.13. Figure 4.15 shows the field lines for permanent
magnets and arrangements of current-carrying wires. These diagrams allow you to see a slice
through the magnetic field in the plane containing the iron filings. Remember that fields are
actually three dimensional. You can use iron filings suspended in oil to see magnetic field lines in
three dimensions.

X
Shutterstock.com/Awe Inspiring Images

Science Source

Science Photo Library/Andrew Lambert Photography

Cordelia Molloy/Science Photo Library

A Figure 4.15

Iron filings can be used fo show the magnetic field lines for a) a permanent bar magnet,

b) a current-carrying loop of wire, ¢) a current-carrying coil or solenoid (note the dense,
parallel field lines - iron filings - coming out of the left end of the solenoid) and d) a horseshoe
magnet.
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ACTIVITY 4.1

VISUALISING FIELD LINES IN THREE DIMENSIONS
Aim
To observe the magnetic field lines of a bar magnet in three dimensions

You will need

A bottle of baby oil, some iron filings, a test tube that fits snugly into the neck of the bottle and a bar
magnet that fits inside the test tube.

What to do

1 Peel the label off the bottle. Tip a little of the oil out of the bottle so that the test tube fits in. Ask your
feacher where fo put this excess oil; do not pour it down the sink. Add some iron filings (about 15mL is
enough) fo the oil in the bottle. Insert the test fube info the neck of the bottle. It should fit snugly so oil
does not seep out around it. Clean up any spills immediately!

2 Now carefully slide the bar magnet into the tube. Do not drop it in, as the tube may break.

What did you discover?
1 Draw a diagram or take a photograph showing how the iron filings have arranged themselves in the oil.
2 Try it with any other magnets that fit info the test tube, for example disc or ball magnets.

When you have finished, replace the lid on the baby oil bottle to avoid spills. Do not use the oil with filings
in it on skin.

We saw in Figures 4.13 and 4.15 that current-carrying wires produce magnetic fields that form
loops. We also know that field is a vector quantity, so the loops must have a direction. To find the
direction we can use the right-hand rule again. This time the cross product is between the direction
of current and the line joining the current to the point of interest, as shown in Figure 4.16(a).

Point your fingers in the direction of the current then curl them along the line joining the
current to the point of interest. Your thumb now points in the direction of the field. You can do
this at various points around the wire and join up the arrows to form loops.

a b
- It 5
1. Point fingers in direction of I. I
2. Curl fingers towards 7 and thumb
points out of page. g :
\
Bout of page @ — € Bout of page Binto page

A Figure 4.16

Finding the direction of the field near a current-carrying wire using the right-hand rule. a) Use the right-hand rule
o find the direction of the field at a point near the wire. b) Find the direction at other points and join the arrows to
form loops.
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You can see that this field looks very different from the electric field due to a single positive i
or negative charge. Rather than radiating out as the field lines from an electric charge do, the »
magnetic field due to a line of current forms loops. Magnetic field lines generally form closed loops.

A quick way to work out the direction of the magnetic field lines is to point your right
thumb in the direction of the current. Your fingers then naturally curve in the direction
of the field lines (see Figure 4.17). This rule is not different from the right-hand rule.

It is just a quick way of applying it at all positions around the first of the vectors in the
cross product.

Just as with electric field lines, there is an infinite number of possible magnetic field lines
that you can draw. Choose a sensible number, and space them so that the density of field lines
is proportional to the field strength. This means that for a current-carrying wire the distance ‘ﬂ
between field lines should get bigger as you get further from the wire.

>+

A Figure 4.17
Quick ‘rule of thumb’
for finding the direction

Magnetic field lines show the direction of force acting on a north pole. of magnefic field lines:

The density of the field lines is an indication of the field strength. ﬁfm;gg;%ﬂ L?l}lrr;b
Currents produce field lines that form loops. current and your fingers
The direction of the field is given by the right-hand rule. curl in the direction of

the field lines.

WORKED EXAMPLE 4.5

A'long wire is carrying current directly upwards.
a Draw the magnetic field lines due to the current as seen from above. (2 marks)

b Draw arrows on your diagram showing the direction of the magnetic force on an electron to the north,
south, east and west of the wire. The electron is moving upwards. (4 marks)

Answers Logic

a Use the right-hand rule to determine the 2 marks
direction of the loops.

A Figure 4.18
Magnetic field lines as seen from above for a
current coming out of the page
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Use F = guBsin® and the right-hand rule 4 marks
again to find the direction of the forces,
remembering that ¢ is negative in this

case.
Figure 4.19 A
Force on an electron moving upwards
out of the page
Try this yourself
Repeat the question above with a proton instead of an electron. (5 marks)

Figure 4.20 »
Magnetic field due to a)
a single turn of wire and
b) a solenoid

Solenoids and electromagnets

As we have seen, a current-carrying wire creates a magnetic field. If we want to create a large
field, we use lots of wires. One way to do this is to coil a single wire into a solenoid, or coil.

Each loop of the wire creates a magnetic field, as shown in Figure 4.20. Inside the coil these
fields add up to give a large and approximately uniform magnetic field. The more loops or turns
of wire, the greater the field. In a tightly wound solenoid, the internal field lines are straight and
parallel. Outside the coil the fields mostly cancel each other out. Hence there is a large, uniform
internal field and a very small external field.

The result is an extremely useful device. Solenoids are used in transformers, electromagnets,
magnetic switches, and many other applications. Inductors, which are common circuit elements,
are small solenoids.

a b

Exterior

Interior
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EXPERIMENT 4.1

A CURRENT BALANCE

A current balance is a current element that is placed in a magnetic field where it experiences a force. The current
balance acts like a see-saw. The rotational effect of the magnetic force at one end is equal fo the rotational
effect of the gravitational force on the mass at the other end of the balance when the balance is in equilibrium.

Aims
To measure the magnetic force on a current balance
To find the magnetic field strength in a solenoid

Materials
Part A
+ qir core solenoid

materials to make a current balance:

- thin, stiff, lightweight cardboard or plastic

- sfiff conducting wire

- copper or zinc sheet

- pin

- fine sandpaper

- scissors

- sticky tape

short pieces of wire of known mass (the weights)

2 power supplies

2 ammeters (0-5A)

2 variable resistors or rheostats

2 switches

crocodile clips and leads
Part B

current balance circuit comprising power supply, rheostat, ammeter, switch

solenoid circuit comprising the other power supply, rheostat, ammeter, switch

What are the risks in doing this experiment? How can you manage these risks to stay safe?

Electricity can shock and cause damage to Use low voltages and currents only.

equipment.

Scissors can cut skin and have sharp tips. Be very careful when using scissors. Do not run with
SCissors.

In your write-up, add any more risks you can think of, as well as ways to manage them.

Procedure
Part A
1 Cut arectangle from the cardboard or plastic so that half will fit info the solenoid and half is outside.

2 Attach a small pin to the middle of one of the short sides of the rectangle so that it overhangs the end that
will sit outside the solenoid (see Figure 4.21).

3 Make a rectangular half loop of conducting wire, to sit near the edges of the cardboard or plastic rectangle
that goes into the solenoid. Make sure it is attfached fo the rectangle.

4 Cut two supports out of the metal sheet, bend them and attach them to the end of the solenoid as shown.
Use the crocodile clips to connect them to the current balance circuit. Note that they should not make an
electrical contact with the solenoid.

Bend the ends of the rectangular half loop so that they sit on the metal supports.
Use the sandpaper fo clean the metal and ensure a good electrical connection.
Measure the length of the current element that is perpendicular o the magnetic field of the solenoid.
Balance the current balance by hanging pieces of wire or small weights over the pin. >

O N O O
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Current
balance
circuit

Metal
support

Current
balance
circuit

Metal
support
Pin
End of

solenoid Cardboard or
plastic rectangle

N
' . <« Figure 4.21
g— Weights Metal supports attached to the end of the solenoid

allow the current balance to rotate freely when current
flows in the current balance circuit.

Part B
9 Connect the balance and solenoid circuits as shown in Figure 4.22.

Current
Solenoid balance

Weights

<« Figure 4.22
Circuits for current balance
and solenoid

Solenoid circuit Current balance circuit

10 Close the switch in the solenoid circuit and adjust the current fo 2.5A-3.5A.

11 Close both switches and observe what happens to the current balance - it needs to act as a seesaw, with
the inner end being pushed down by the magnetic force. Make changes to the solenoid circuit if necessary.

12 Adjust the number of weights and their positions until the current balance is balanced.

Results
Record the following in a table. Don’t forget fo include units on all your measurements.
Current in solenoid
Current in current element
Distance from pivot to current element
Distance from pivot to balancing weights

Analysis of results

Calculate the following and add them to your table. Remember to include units.
Masses of weights used
Gravitational force on balancing masses

Torgue by weight force on current balance (forque is the product of force applied and the distance from
the point of application tfo the pivot point)

Magnetic force on current element
Magnetic field in solenoid
The torque by the magnetic force is equal to the torque by the weight force when the current balance is balanced.
Discussion
1 Comment on the quality of your data and how this affects your results.
2 How could you improve the quality of your data?
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ACTIVITY 4.2

MAKE YOUR OWN ELECTROMAGNET
Aim
To make an electromagnet

You will need

Several metres of fine, insulated wire, a small battery, a large steel nail, sticky tape and some paperclips.

Use a small battery, such as an AA size, or a low voltage power supply. Do nof use a large battery such as

a 12V car battery; you could melt the wire and hurt yourself.
What to do

1 Check that your nail is not magnetised by trying to pick up a paperclip with it.

2 Wrap the wire tightly around the nail, always winding in the same direction. Leave enough wire free at

each end to connect to your battery.
3 Sticky tape one end of the wire to each battery terminal.
4 Now fry again to pick up a paperclip with your (electromagnet) tail.

What did you discover?
1 How many paperclips can you pick up with your electromagnet?
2 Does the electromagnet still work after you disconnect the battery?

Magnetic moments

The magnetic field of a bar magnet, shown in Figure 4.15a, is called a magnetic dipole field;
it is caused by two magnetic poles. The magnetic field shown in Figure 4.20 is also called a
magnetic dipole field because it has the same shape. We shall see in the section below, when we
look at magnetic materials, that magnetic poles always come in pairs, or dipoles, consisting of a
north pole and a south pole.

For any loop of current we can define a magnetic moment, i . The magnitude of  is:

w=14

where / is the current and A4 is the area of the loop.  has units of Am?.

The magnetic moment is a measure of the strength of the magnetic field due to a current
loop or a magnetic dipole. The larger the current, the greater the magnetic moment and the
larger the field produced.

[L is a vector, and its direction is given by a right-hand rule. Curl your fingers in the direction
of the current, and your thumb points in the direction of [L. This is just the same as the rule of
thumb for magnetic field lines shown in Figure 4.17. In this case, however, your fingers follow 7
(not B) and your thumb points in the direction of [ (not I). The direction of [i is that of the
magnetic field, B, at the centre of the loop. It points in the direction a compass needle would point
if placed at this position. We can always define a magnetic moment for any magnet, including a
bar magnet, from the torque that it experiences in a magnetic field. This is discussed in Chapter 5.

Magnetic materials

Currents create magnetic fields because of the moving charges that make up the current. But

how does a fridge magnet or any other piece of magnetic material create a magnetic field? Where

is the moving charge in this case?

The answer is the electrons. Every electron in an atom creates its own tiny magnetic field as it
orbits the nucleus, because it is acting as a tiny circular current. This circular current creates a dipole
magnetic field like that shown in Figure 4.23. Hence the orbiting electron has a magnetic moment.

9780170242110

A pair of closely
spaced positive and
negative charges is
an electric dipole (see
Chapter 3). A pair of
closely spaced north
and south magnetic
poles is a magnetic
dipole. Both produce
a characteristic
dipole field and both
experience a torque
in a field.

The idea of a
magnetic moment,
which has a direction,
is important in
particle physics (see
Chapters 9 and 10).
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You know from
chemistry that
electrons orbit the
nucleus in shells.
This shell structure
is important for
understanding
magnetic materials.
Magnetism arises
from unpaired
electrons in the
shells.

Some cosmological
theories predict

the existence of
magnetic monopoles
(an isolated north

or south magnetic
pole). However, they
are noft predicted by
currently accepted
models in particle
physics, such as

the Standard Model
(see Chapter 10), nor
have they ever been
observed in nature.

Figure 4.24 A
Magnetic field of a
bar magnet

Quarks are part of
the Standard Model
of particle physics,
which you will study
in Chapter 10.

Electrons also have a property known as spin. The electrons are probably not really
spinning. But they do have their own tiny magnetic field even apart from the field due to their
orbital motion. The spin of a particle is a measure of its magnetic moment, and hence is a
measure of a particle’s intrinsic magnetic field. We shall see in Chapter 8 that spin is quantised,
both in magnitude and direction.

So electrons in materials have two magnetic moments, and hence two magnetic fields — one
due to their orbital motion, and the other due to their spin.

>
A Figure 4.23

The electron orbiting the nucleus is a current loop, hence it
has a magnetic field.

In most materials the magnetic fields from the electrons cancel out because they are pointing
in all different directions. For a material to be magnetic it must have unpaired electrons in
its shells and the directions of the magnetic moments (and hence fields) of many atoms in
the material must line up in the same direction. There are very few materials that meet these
requirements. The only common natural one is iron. Hence these types of materials are called
ferromagnetic because they behave like iron.

Magnets are made of ferromagnetic materials that have been magnetised. If you stroke a
steel pin with a strong magnet it will line up the magnetic moments in the iron. The pin then
becomes magnetised and can be used as a compass needle. You can also use a solenoid, as in
Activity 4.2, to magnetise a pin (or a nail).

The magnetic field lines due to a bar magnet are shown in Figure 4.24. Note that just as for
the current-carrying wire, the field lines form loops. Magnetic field lines begin at a north pole
and end at a south pole of a magnet. Any individual magnet is always a dipole with a north
and a south pole. As Gilbert observed about 500 years ago, if you break the magnet you get
two smaller magnets, each with a north and a south pole. This now makes sense to us because
we understand that the poles are due to the movement of electrons. If you kept breaking your
magnet you would eventually get to a single electron, still with spin, and creating its own
magnetic field with the field forming loops. You cannot produce a magnetic monopole by
breaking a bar magnet into small pieces; you will always get more dipoles.

Quarks

We have seen that magnetic fields are created by moving charges, so it makes sense
that electrons and protons have magnetic fields. But uncharged neutrons also have an
infrinsic magnetic field! We cannot explain this if the neutron is a fundamental particle
with no internal structure. The experimental observation of the neutron’s magnetic field
led to an important development in particle physics. The quark theory of matter says that
particles such as protons and neutrons are actually made up of even smaller particles

called ‘quarks’. These quarks carry charges of t]—e , or =€ . Profons and neutrons are

each made of 3 quarks. The quark charges add up to zero for a neutron, but the neutron
still has the charges inside creating a magnetic field.
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Case study

Dr Jeff Tallon - high-temperature superconductors

Dr Jeff Tallon is Distinguished Scientist at Callaghan
Innovation (a New Zealand Government-owned research
institute) and was formerly Professor of Physics at Victoria
University of Wellington. He has received the inaugural Prime
Minister’s Prize for Science (NZ) and he and his group are
infernationally known for their work in superconductivity.
One of his group’s most important discoveries was the high-
tfemperature superconductor, Bi,Sr,Ca,Cuz;O49 or BSSCO.
BSSCO, which is manufactured by their spin-off company
HTS-110 Ltd, is now the most commercially important high-
tfemperature superconductor in the world. It took 14 years of
international patent battles for Jeff and his group to win the
patent rights for BSSCO, the material whose structure he first
jotfted down on a greasy paper lunch bag.

Superconductors are materials whose resistance
drops to zero below a critical temperature, T.. The first
superconductors discovered had critical temperatures of
only a few kelvin. Then in 1986 the first high-temperature
superconductor was discovered, La,Ba,CuO, with a T; of
32K. Since then many others have been discovered, with
scientists racing to create materials with ever higher critical
tfemperatures. BSSCO has a T. of 105K.

Superconductivity is a quanfum mechanical effect that
occurs when electrons of opposite spin pair up and form a
wave that extends across the entire superconductor. Exactly
why this happens in materials like BSCCO is not yet fully
understood.

One of the other properties of these high-temperature
superconductors is that they are perfect diamagnets. A

diamagnet does the opposite to a ferromagnet in a magnetic

field. Instead of the spins lining up with the magnetic field

fo give an even-larger magnetic field, they line up the
opposite way. In a superconductor at temperatures below

T.. the induced field inside the material completely cancels
out the applied field. This results in the Meissner effect, as
shown in Figure 4.26. A magnet will levitate above the cooled
superconductor. This effect is used in maglev trains in Japan.
Superconducting magnets are also used fo create the large
magnetic fields used in MRI machines (see the Scientific
Literacy box on page 117).

One of the difficulties of making superconductors into
wires is that they are ceramics, and so are brittle. Unlike
metals, superconductors cannot be strefched and bent.

Dr Tallon and his feam have devised a clever way of making
wires using powdered BSSCO in silver tubes, which are then
rolled and bundled to produce wires. These wires are used
in various applications, such as generators (described in the
next chapter).

The research intfo understanding how these high-
temperature superconductor materials work is ongoing
and relies on contributions from many scientists, and
collaborations with groups around the world. Once we know
how they work, scientists hope to design superconductors
with higher critical temperatures and better mechanical
properties. The applications will impact on health, transport,
energy, communications, manufacturing and science.

A Figure 4.25
Dr Jeff Tallon

Alamy/Phototake Inc.

A Figure 4.26

The Meissner effect. A magnet hovers over
a disc of superconductor cooled with liquid
nitrogen.

BiO
SrO

Cqu
Ca2+

Cu02
Ca2+

Cu02
SrO

BiO
A Figure 4.27

The structure of BSSCO. Note the layers of
different types of atoms.
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Questions

1 Name two properties of high-temperature superconductors.

Define ‘critical temperature of a superconductor’.

What is the difference between diamagnets and ferromagnets?

Why is it so difficult fto make wires out of high-temperature superconductors?

Imagine that a room-temperature superconductor is discovered. Write a page (about 300 words)
describing how one important technology would change. Consider the economic, social and
environmental implications.

6 Why do you think the patent battle for BSSCO was so important that Dr Tallon and his colleagues kept
fighting for 14 years? Can you think of reasons other than economic ones?

a b WONDN

& Earth’s B field

: AURORAS IN Earth’s magnetic field forms a shield that keeps out high-energy charged particles from space

{ REAL TIME (mostly from our Sun). These particles would otherwise be extremely damaging to organisms on
fy ou can check E the surface of Earth. Fortunately for us, Earth’s magnetic field deflects most of those particles past

! forecasts for the Earth. The few that leak in follow helical paths towards the poles. When these high-energy charged
i aurora australis particles reach Earth’s atmosphere they collide with air molecules, which are then ionised. The

i and aurora energy released when the atoms and molecules re-form are the auroras — the aurora borealis or

i borealis here, and northern lights and the aurora australis or southern lights (Figure 4.28).

i follow the links to
i viewing fips and
i more information.

. MAGNET AND
| COMPASS

i See the magnetic
i field lines due to @
i bar magnet and

i Earth. Move a

i compass around
i to see how the

i direction of the

i needle changes.

Corbis/© Stefan Christmann

A Figure 4.28 The aurora australis

Some other planets and the Sun also have a magnetic field. The origin of the Sun’s magnetic
field is convective currents, which you read about in Chapter 2 of Nelson Physics Units 1 & 2 for the
Australian Curriculum. The origin of planetary magnetic fields is as yet not completely understood.

The configuration of Earth’s magnetic field, shown in Figure 4.29, is very much like that
due to a gigantic bar magnet deep in Earth’s interior. However, the high temperatures in Earth’s
core, around 6000K, prevent iron from retaining any permanent magnetisation. It is more
likely that Earth’s magnetic field is due to convection currents in Earth’s core. Charged ions or
electrons circulating in the liquid interior could produce a magnetic field of the form observed.

The magnetic poles are not quite at the geographic poles. The magnetic pole closest to the
north geographic pole is near Hudson’s Bay in Canada. The north pole of a compass needle
points to this pole, so it is actually a souzh magnetic pole. The magnetic pole closest to the south
geographic pole is in Antarctica, about 2000 km from the south geographic pole. It is a north
magnetic pole. Compare the field lines for Earth in Figure 4.29 with those for the bar magnet in
Figure 4.24 and you can see that what is usually labelled as the north magnetic pole on maps is
really a magnetic south pole.
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Earth’s wandering magnetic poles

Earth’s magnetic poles ‘wander’ on a daily and annual basis. Hence, the direction and
magnitude of Earth’s magnetic field changes in time. The direction of Earth’s magnetic
field has even reversed several times during the last million years. There is evidence for this
in the magnetisation of iron in basalt rocks from volcanoes.

There is also variation on much shorter time scales. There are small daily variations due to
the Sun’s magnetic field. These variations are bigger in summer than in winfer. Solar flares can
result in variations that last hours fo days. These can be observed in increased auroral activity.

There are larger variations on the scale of centuries. Recordings made in London since
1580 show that the direction of Earth’'s magnetic field there has varied by more than 30°.
This variation seems to have a cycle of about 500 years. The reason for these variations is

not yet understood.

Scientific literacy: magnetic resonance imaging (MRI)

Magnetic resonance imaging or MRI (originally called nuclear
magnetic resonance (NMR)) uses electromagnetic waves that
match the resonance frequencies of the spins of the nuclei.

Nuclear magnetic resonance was discovered in the 1930s by
Isidor Rabi, who won the Nobel Prize for Physics in 1944. Felix Bloch
and Edward Purcell developed the technique in the 1940s for
looking at chemical compounds and were awarded a Nobel Prize
in 1952.

In the 1970s, physician Raymond Damadian, chemist
Paul Lauterbur and physicist Peter Mansfied were all working
independently on NMR.

Damadian discovered that the hydrogen NMR signal produced
by cancerous tissue is different from that of healthy tissue. He
applied for a patent for a machine to create images using NMR.
His design had most of the basic components of today’s MRI
machines. Mansfield refined the technique and showed that
images could be produced. Lauterbur produced the first actual
NMR image.

Figure 4.30 »
a) A hospital MRI machine
b) An MRI of a brain
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In 2003 Lauterbur and Mansfield shared the Nobel Prize for Medicine or Physiology for the
development of MRI. Damadian was furious! He took out full page advertisements in newspapers
including the New York Times, claiming that he should have been given a share of the prize.

This is how MRI works: The human body is almost two-thirds hydrogen atoms, and the nucleus of each
is a single profon. A proton acts like a tiny bar magnet. In MRI a very large magnetic field, up to 3T, is
applied to the patient. This aligns the hydrogen spins with the field.

Then a pulse of electromagnetic waves is used fo flip’ some of the spins. The frequency of the
electromagnetic waves has to be just right. The protons will only absorb energy from electromagnetic
waves of the right frequency. This is why it is called resonance. The protons have quantised values of
energy. They can move between energy levels only by absorbing or emitting light of the right frequency.
You will see why in Chapter 8. This is a lot like atomic energy spectra, which arise because the electrons
have discrete energies. In this case it is the protons that have discrete energies.

The spins that are no longer aligned with the field are in a higher energy state. They flip back,
releasing energy as electromagnetic waves as they do so. This energy is detected and analysed, and
the information is used o create images.

MRI gives better contrast between soft tissues than other techniques such as X-rays. This is very useful
for imaging the brain, the heart and tumours. The resolution of MRI images is also very good, and can be
used to investigate blood vessels. Much work has been done on the brain using MRI scans.

MRI is considered a very safe technique. Unlike X-rays and CT scans, it does not expose patients fo
ionising radiation. However, the large magnetic fields cannot be used on patients with metal implants
such as pacemakers or most cochlear implants. The magnetic fields can also create eddy currents (see
Chapter 5) and MRI machines are very noisy. Because the tube intfo which the patient is inserted is quite
narrow, many people find it unpleasantly claustrophobic.

Sometimes patients are injected with a contrast agent. This helps make some tissues stand out more
clearly. Contrast agents work by changing the magnetic field in the area into which they are injected.
These agents usually contain gadolinium, which can be a problem for people with poor kidney function.

Questions

1 Draw a flowchart showing how the MRI technique works. You may need to conduct further research.
2 Describe two advantages of MRI over other medical imaging techniques.

3 Describe two risks associated with MRI. What can be done to minimise those risks?

4

Imagine you have been employed fo produce an information leaflet 8
for fMRI patients. Research fMRI and write a short summary (no more
than 1 page or 300 words) explaining how the technique works. MAGNETIC
5 MRI has better resolution than X-rays and does not use ionising RESONANCE
radiation. Yet X-rays are still a much more common diagnostic tool. i IMAGING

Compare the two techniques and justify why this is the case.

6 Imagine Dr Damadian has employed you to run a social media campaign
fo persuade the Nobel Prize committee o award him part of the 2003
prize. What techniques and arguments would you use fo justify his case?

You can find more
i information on the
i physics of MRI here.

Comparing the three field models:
g. Eand B

We use field models to explain force at a distance. You have now seen the field models associated

The gravitational
field, g, was
described in
Chapter 2. The
electric field, E, was
described in
Chapter 3.

with three different forces: gravitational, electrostatic and magnetic. The models are similar in

some ways and different in others.

Gravitational, electric and magnetic fields are all defined as field = force/property, where
‘property’ is the thing that creates the field and on which the field acts (Table 4.2).

Table 4.2 The three field models

Field Created by Acts on
Gravitational Mass Masss

Electric Charge Charge
Magnetic Moving charge Moving charge
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Gravitational, electric and magnetic fields have several important differences.

* The gravitational and electric force vectors are in the direction of the field, but the magnetic
force vector is perpendicular to the magnetic field.

* The electric force acts on a charged particle, and the gravitational force acts on a mass,
regardless of whether the particle is moving, but the magnetic force acts on a charged
particle only when the particle is in motion.

¢ The gravitational and electric forces can do work in displacing a charged particle, but the
magnetic force associated with a steady magnetic field does no work when a particle is
displaced by the field, because the force is perpendicular to the displacement.

These field models have been extremely successful in explaining and predicting phenomena.
The electric and magnetic field models are the basis for electromagnetism, which we shall study
in the next chapter. However, the field model has been unable to explain all the phenomena
associated with the behaviour of charged particles such as electrons and protons. An alternative
model, the exchange particle model, has been developed by quantum physicists to explain the
interactions of fundamental particles. We will look at this newer model in Chapters 9 and 10.
This newer model does not replace the field model any more than relativity replaces Newtonian
mechanics — rather it complements it. Scientists work with many models and representations,
and choose the one that works best for a given situation. The field model has been invaluable in
helping us explain electric and magnetic phenomena, and is the basis of much of the technology
that we take for granted. We shall look at some of this technology in Chapter 5.

QUESTION SET 4.2

Remembering

1 What is the source of magnetic fields?

2 How does magnetic field strength vary with distance from a long, straight current-carrying wire?
3  What are the units of the constant pe? Write these units in fundamental units.

Understanding
4 Why are most materials not magnetic? In what way are ferromagnets different?
5 Draw the magnetic field lines due to a wire carrying current directly downwards, as seen from above.

6 A current-carrying wire lies in a north-south line. A small magnetic compass needle is placed beneath
the wire.
a What happens fo the compass needle when the current in the wire flows:
i from north to south?
ii  from south to north?

b If the compass was placed above the wire, what difference would it make to the direction in which the
compass needle pointed?

Applying
7 What is the magnetic field a distance 1.0cm from a wire carrying a current of 1.0A?
8 At what distance from a wire carrying a current of 15A is the field 1.0 uT?

9 What current is necessary in a long, straight wire o produce a magnetic field of 50 uT, approximately that
due to Earth, at a distance of 1cm?

Analysing
10 A wire carries a current of 10A directly upwards.
a Draw the magnetic field lines due to the current in the wire.

b What is the direction of the force on an electron moving directly downwards, 5cm from the wire? Draw
the force on your diagram.

c Ifthe electron is moving at 1kms~', what is the magnitude of the force acting on it?
_____________________________________________________________________________________________________________________________________________________|
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CHAPTER SUMMARY

+  Magnetic fields are created by moving charges and currents.

+  Magnetic fields exert forces on moving charges and currents.

+ The magnetic force is perpendicular to both the magnetic field and the direction of movement.

F = qvBsin6 for a single charge
F = l(Bsin® for a current

+  The right-hand rule (Figure 4.3) is used to find the direction of the force.

+  The magnetic field due to a current-carrying wire varies with the size of the current and decreases with the

distance from the wire:

B:”_Ol
2nr

+ Solenoids are used to create large, uniform magnetic fields.

+  Magnetic field lines show the direction of force acting on a north pole.

+  The density of the field lines is an indication of the field strength.

+ The direction of the field is given by the right-hand rule.

*  Magnetic field lines due to currents form loops.

+  Magnetic materials always have a north pole and a south pole.

+  Magnetic field lines start on north poles and end on south poles.

+ Earth’s magnetic field is similar to that of a bar magnet with a north magnetic pole near the south

geographic pole.

CHAPTER GLOSSARY

aurora australis the southern lights; light produced
by the collision of high-energy charged particles with
air molecules close fo the South Pole

aurora borealis the northern lights; light produced
by the collision of high-energy charged particles with
air molecules close fo the North Pole

electromagnetic field model a combination of the
electric field model and the magnetic field model,
including the interaction between the two fields

ferromagnetic having magnetic properties like iron;
able to be magnetised and retain the magnetisation
so that the material is magnetic

magnetic field the field created by moving
charges, including charges in magnetic materials,
which exerts a force on moving charges and
magnetic materials

magnetic flux density the magnitude of the
magnetic field, measured in T

magnetic force the force that a magnetic field
exerts on a moving charge or current

magnetic moment, y also called the dipole
moment, it is a vector of magnitude proportional to
the magnetic field produced by a current loop,

p = IA. The magnetic moment points in the direction
of the field at the centre of the current loop

magnetic pole magnetic north or south pole, a
point from which field lines come out or go in
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magnetite an iron oxide, Fe;O,, that is a natural
magnetic material

mass spectrometer a device that uses a magnetic
field to characterise materials by the atoms and
molecules they contain

permeability of free space, y, the physical
constant that determines the strength of the
magnetic field produced by a current in vacuum.

It has the value 4w x 107 TmA™

solenoid a coil of current-carrying wire that creates
a large uniform field within the coil

spin in quantum theory, a property of particles,
including electrons, that results in them having their
own magnetic moment and hence magnetic field
synchrotron a machine that uses electric and
magnetic fields to accelerate charged particles to
large velocities while containing them in rings, to
produce high-energy light

tesla the unit of magnetic field, 1T = 1kgs'C; it is
named after Nikolai Tesla

vector cross product the vector cross product,

C = A X B, gives a vector perpendicular to both

A and B with magnitude C = ABsin6, where 6 is

the angle between A and B. The right-hand rule
gives the direction of C
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CHAPTER REVIEW QUESTIONS

Remembering

1 How is magnetic field related to magnetic force?
2 List three ways in which magnetic fields and gravitational fields are different.
3 List three ways in which electric fields and magnetic fields are different.

Understanding

4 At what angle to a magnetic field can an electron and a neutron travel fo have the same path?

5 Why does Earth’s magnetic field not protect us from high-energy light (photons)? How does it protect us
from the other forms of cosmic radiation?

6 Draw the magnetic field of a bar magnet, showing the north and south poles of the magnet. Add the vector
i, the magnetic moment of the bar magnet, to your diagram.

7 Figure 4.31 shows two bar magnets placed with their north ends tfogether.
a Draw the magnetic field lines associated with this arrangement.

<rowess

b Are there any points in Figure 4.31 where the magnetic field is zero? If so, where?
8 Figure 4.32 shows a solenoid that carries a current in the direction as shown in the diagram.
a Copy the diagram and carefully draw the magnetic field of the solenoid.
b What is the effect on the magnetic field within the solenoid of:
i increasing the current in the solenoid?
ii reversing the direction of the current in the solenoid?
iii increasing the number of turns of wire in the solenoid without changing the length of the solenoid?

<« Figure 4.32

Applying
9 What is the minimum magnitude of a magnetic field necessary to apply a force of 1 X 102N to an electron
moving af a speed of 500kms~1?

10 A 5m long current-carrying wire is at an angle of 30° to a magnetic field. It carries a current of 30A and
experiences a force of 0.02N. How large is the magnetic field?

11 a How large a current is necessary to produce a field of 0.15T a distance of 1.0cm from a wire?
b What is the field at a distance of 2.0cm from this wire?

12 A wire 2.1 m long carrying a current of 0.85A has a force of 5.0 X 102N exerted on it by a uniform magnetic
field at right angles to the wire. What is the magnitude of the magnetic field?

13 A small magnetic compass needle is placed af the centre of a single loop of wire that carries an electric
current of 2A, as shown in Figure 4.33. The loop has a radius of 2.0cm. The plane of the coail is vertical and
east-west. The magnitude of the magnetic field of the loop is much greater than Earth’s magnetic field at this
location.

/

<« Figure 4.33
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a In which direction will the north pole of the compass needle point?
b The direction of the current in the wire is reversed. What is the direction in which the compass needle
points now?

c Calculate the magnetic moment, u, of the current loop. In which direction does it point?
Analysing

14 In Figure 4.34 a proton is moving in a magnetic field. The velocity of the proton and the direction of the
magnetic force acting on it are shown. Find the direction of the magnetic field in each case.

a b c
Fg Fy

Fp

—(x)

Vin

v Vout <« Figure 4.34

15 A wire is carrying a large current directly upwards.
a Draw the magnetic field lines, as seen from above, due fo this current.

b Consider a second vertical current-carrying wire close to the first wire. If the current in the second wire is
also upwards, what is the direction of the force on this second wire? Draw it on your diagram.

c What is the direction of the force on the first wire due to the current in the second wire? Draw it on your
diagram.
d How would your answers o parts (b) and (¢) change if the current in the second wire was downwards?

16 How can the motion of a moving charged particle be used to distinguish between an electric field and a
magnetic field? Give a specific example.

17 Figure 4.35 shows a current balance in which a loop of wire carrying a current of 3.6 A is balanced in the
uniform field of a solenoid of field strength 0.20T. The end of the loop BC has a length of 3.0cm, while the
length of side ABis 12.0cm.

B
X A D2 2N
306 /I [
YTm//D_ VTV
©
36A I

| |
IS <« Figure 4.35
a Find the magnitude and direction of the force on side:
i BC of the loop.
ii CD of the loop.
b What length of string of mass 6.5gm! must be placed on the end XY of the loop to restore equilibrium?

Reflecting

18 Discuss the importance of Earth’s magnetic field. How would life on Earth be different if Earth did not have a
magnetic field? What technologies will be disrupted if the field changes direction again in the near future?

19 Draw a spider diagram to connect all the concepts and equations related to magnetic fields.

20 Compare and contrast electric and magnetic fields.
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CHAPTER 5
IAGNETISM

ELECTRO

Science Understanding

+ Magnets, magnetic materials, moving
charges and current-carrying wires
experience a force in a magnetic field; this
force is ufilised in DC electric motors (ACSPHI08)

+ A changing magnetic flux induces a
potential difference; this process of
electromagnetic induction is used in step-up
and step-down transformers, DC and AC
generators, and AC induction motors (RCSPHIL0)

+ Conservation of energy, expressed as Lenz's
Law of electromagnetic induction, is used to
determine the direction of induced current
(ACSPHI11)

l,lv By the end of this chapter you will have covered the following material.

* Electromagnetic waves are transverse

waves made up of mutually perpendicular,
oscillating electric and magnetic fields
(RCSPH112)

+ Oscillating charges produce

electromagnetic waves of the same
frequency as the oscillation; electromagnetic
waves cause charges to oscillate at the
frequency of the wave (ACSPHIL3)




Infroduction

Electromagnetism drives modern technologies such as large-scale electric power generators,
transformers for computers and electric motors for public transport and transportation of metal
ores and primary produce.

Alamy/age fotostock

A Figure 5.1 Electromagnetic induction at work. a) The Loy Yang power station in Victoria uses coal to power a generator to
make electricity. b) A diesel electric freight train pulls trucks loaded with ore.

: JAMES CLERK
: MAXWELL:
. BIOGRAPHY
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Many experiments in the 19th century showed that electricity and magnetism were
intimately related. For example, Ampere performed experiments that showed that parallel
currents attract and anti-parallel currents repel each other. The force on the wires is due to
the magnetic fields created by the currents. Michael Faraday and Joseph Henry independently
demonstrated electromagnetic induction. Electromagnetic induction is the production
of an electric field by a changing magnetic field. Faraday was a brilliant experimentalist, and
made many important contributions to physics and chemistry. However, his knowledge of
mathematics did not extend beyond basic algebra.

James Clerk Maxwell, in contrast, showed talent in mathematics from an early age, and
made many important contributions in theoretical physics. He took the observations made
by Faraday and other physicists and constructed a mathematical model consisting of four
differential equations. His model explained all the observed electromagnetic phenomena
and predicted the existence and behaviour of electromagnetic waves. The central idea in
Maxwell’s model is that there is a symmetry between electric and magnetic fields.

* An electric field that changes in time creates a magnetic field
and
* amagnetic field that changes in time creates an electric field.

The development of the theory of electromagnetism demonstrates the need for both
experiment and theory. Without experiments, existing theories could not be tested and falsified,
and new theories would not be developed. The development of theory, in turn, leads to new
technologies that allow further and more precise experiments. Maxwell’s electromagnetic theory
unified a set of ideas about electricity and magnetism and led us to an understanding of how
the two fields are related. They are, in fact, two aspects of a single thing. The symmetry between
electricity and magnetism was also what prompted Einstein to develop his theory of special
relativity, which is described in the next chapter.

This new field model for electromagnetism led to the development of important
technologies, including motors and generators. Generators, mainly powered by coal, are
used to produce almost all of our electricity in Australia. Motors are used to run much of our
transport including electric trains and trams in the cities and the enormous diesel electric
locomotives that move commodities such as iron ore, wool and wheat around the country. We
shall look at some of these technologies in this chapter.

9780170242110
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Michael Faraday (1791-1861)

Faraday rose from humble beginnings to work with and
lead some of the best scientists of his time. He was a
brilliant experimentalist, and made many important
contributions to physics and chemistry. Faraday
investigated electromagnetic induction and infroduced
the concept of 'line of force’, which we now call ‘fields’.
His knowledge of mathematics did not extend beyond
basic algebra.

Figure 5.2p
Michael Faraday

Science Photo Library/Chemical Heritage Foundation

Currents from fields:
electromagnetic induction

Electromagnetic induction is the production of an electric field by a time-varying magnetic field.

Recall what you
An electric field in a region means that there is a potential difference between points in that

learnt about circuits

region. If there is a potential difference and free charge carriers, then a current will be generated. in Nelson Physics

This is the basis of electromagnetic induction, as used in electricity generation. To understand Units 1 & 2 for the

how the process works, we first need to look at the idea of magnetic flux. Australian Curriculum,
Chapter 6.

Magnetic flux

In the previous chapter we noted that magnetic field strength is also called ‘magnetic flux
density’. This comes from the definition of magnetic flux. Consider a uniform magnetic field
passing through an area, A4, as shown in Figure 5.3. We choose the direction of the vector A

to be perpendicular to the area, as this gives us a unique way of representing the area. The
magnitude of the vector A is the area A, in units of m2. The number of B field lines crossing
the area depends on the directions of B and A. Magnetic flux, ®, is the magnetic field crossing
through some area, multiplied by the size of the area:

® = BAcosO
The magnetic flux, @, has units of T'm? or the weber, Wb, after Wilhelm Weber.

W X fi
AN

a) The flux through the
area A depends on the
angle, 6, between the
c A;\ area vecT_or A crﬂ
the field, B. ® = BA cos®.
b) Flux is a maximum
when 6 is zero and B
5 - and A are parallel.
> u! > ©) Fluxis a minimum
> when 6 = 90° and B and
- - A are perpendicular.

a b

y =
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¢ 9
 VECTOR DOT A W
: PRODUCT
- A Figure 5.4 The dot product of two vectors, C = A-B. d) Vector
: Seehow C=A-B decomposition of A into components parallel and perpendicular to B.
i varies. b) Projection of A on to B.

The flux, @, has maximum amplitude when the field is in the same direction as, or opposite
to, the vector A; when B is perpendicular to the surface of the area. @ is zero when B is parallel
to the surface of the area.

Vector dot product

The flux is more correctly written as the vector dot product, ® =B - A .

The vector dot product, C = A - B, is used often in physics. A and B are vectors, but
the dot product C = A - B is a scalar, with magnitude C = ABcos#. The dot product allows
us to combine two vectors fo produce a scalar.

You have met the dot product before (although it may not have been called that) when
you studied forces and energy. The work done by a force is given by W = F - §. Both force
and displacement are vectors, but the energy transferred (the work done) is a scalar.

Geometrically, the magnitude C s the projection of vector A on to vector B, multiplied
by the magnitude of B. When A and B are parallel, C has its maximum value. When A
and B are perpendicular, then Cis zero.

A

a b

WORKED EXAMPLE 5.1

A loop of cross-sectional area 0.050m? is in a uniform magnetic field of magnitude 0.24T.

a Draw diagrams showing the loop and field and identifying the angle, 6, between the area vector A and the
field B, when the flux is a:
i minimum. (2 marks)
i maximum. (2 marks)

b Find the maximum and minimum values of the flux through the loop. (6 marks)

Answers Logic

a i - Identify that flux has a minimum value of 2 marks

® = BAcos® = 0 when 6 = 90° and that this

P

N

Y

is when the loop is parallel to the field.

\

Y=y

[
\

L)
A

out

)

/

Y

Y

N
]

=

=90°

A Figure 5.5 Loop is parallel to field
so 6 = 90° and flux is zero.
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i > Identify that flux has a maximum value of 2 marks
- - ® = BAwhen 6 = 0° and that this is when
the loop is perpendicular to the field.
B
o—_F)_
A

Y

Y

I
i

AFigure 5.6 Loop is perpendicular to
field so # = 0° and flux is a maximum.

0=0

b &= BAcos6 Relate flux fo field and area. 1 mark
®ox = BAcos (0) = BA Identify the maximum value. 1 mark
Doy = 0.24T x 0.050m? Substitute numbers including units. 1 mark
Drex = 1.2 X 1072Wb Calculate the final value. 1 mark
O = BAcos (90°) = 0 Identify the minimum value. 1 mark

Try this yourself

Find the angle for which the flux is half its maximum value. (4 marks)

Induced emf

When the magnetic flux changes with time, an electric field is induced. Imagine a loop in the
field. The induced electric field produces an induced emf around the loop.
The magnitude of the induced emf is given by Faraday’s law:

L@ -®) A0
At At

1

where @ is the final flux and ®, is the initial flux; & has units of T m?s™!, which is the same as

volt, V. The negative sign indicates that the induced emf gpposes the change in flux.
Looking back at the expression for flux, we can see that:

e — —A(BA cos )
At

Inspecting this equation we can see that there are three ways to induce an emf:

*  Change the magnetic field.
*  Change the area, 4.
* Change the angle, 8, between the area and the field.

In practice, it is usually either the magnetic field or the angle 6 that is varied. For example, a
coil connected to an alternating current (AC) produces a time-varying magnetic field. These
are used in transformers and motors.

When a loop or coil of wire with area A is placed in a field, the flux through the loop can be
varied by spinning the loop. This changes the angle, and induces an emf in the loop. The same
effect can be achieved by spinning a magnet near the loop. In both cases the flux varies in time.
This is used in generators.

9780170242110 UNIT 3 CHAPTER 5: ELECTROMAGNETISM
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The loops in a coil
act like batteries
connected in series
(see Nelson Physics
Units 1 & 2 for the
Australian Curriculum
Chapter 5).

We can take any parameter kept constant out of the brackets. For example, if area and angle
are kept constant while B is varied, we write:

- —AcosOA(B) _ —AcosO(B, — B)
At Atz

If the area and field are held constant but the angle is changed we write:

o —BAA(cos 0) _ —BA(cos0, — cosb,)
At At

To generate a larger emf, a coil containing multiple loops of wire is used. Each loop will have
an emf induced between its ends, so connecting 7 loops in series is like connecting 7 batteries in
series. Simply add the emf in all loops. Thus:

e —nA®d _ —nA(BA cos0)
At At

Once an emf is induced, a current will flow if there are free charge carriers and a path for them
to flow along. This is usually achieved by putting a metal coil in the field. This induced current
is related to the emf by Ohm’s law. As you saw in Chapter 5 of Nelson Physics Units 1 & 2 for the

. . . emf . . . .
Australian Curriculum, i = ——, where R is the resistance of the path. We are using the symbol i

for current, rather than 7, as the current may vary with time.
We use the term ‘emf” here rather than potential difference for a reason. They are often treated
as if they are the same thing, but they are not. The difference is explained in the Wow box.

emf

Electromotive force (emf) and potential difference often do the same job, which is to
enable a current to flow. They have the same unit, volt (V), but they are different. Potential
difference is the unique difference in potential energy per unit charge between any two
points in an electric field.

The emf is the energy per unit charge available to a charged particle. The induced
emf between any two points in a changing magnetic field does not have a unique value,
but depends on the path between the two points. This is because it depends on the flux
enclosed. Different closed paths between two points may contfain different fluxes.

a b
— X X
E
X X
AVI = AVZ = VA_ VB
X X
X X X X X

emf] # emf,

A Figure 5.7 o) Potential difference: an electron moves from point A to point B in an
electric field. The change in potential energy of the electron is the same regardless

of path taken. b) Emf: an electron passes through two loops in a changing magnetic
field. The emf measured across the two loops is different because they contain different
magnetic fluxes, even though they have the same beginning and end points.
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WORKED EXAMPLE 5.2

A wire loop of cross-sectional area 0.050m? is in a magnetic field. The loop is perpendicular to the field. The field
changes with fime as shown.

0.07
0.06 ¢

0.05 +
o 0.04

= 0.03

0.02
0.01 -

0 T
0 2

Time (s)

A Figure 5.8 Magnetic field as a function of time

a Sketch a graph of flux through the loop as a function of time. (2 marks)

b Sketch a graph of AA—(D as a function of fime. (2 marks)
t

¢ Find the emfinduced between the ends of the wire. (1 mark)
d Find the current induced in the loop when the loop has a resistance of 0.15Q. (3 marks)

Answers
a

0.0035

0.003
0.0025 -

0.002

0.0015
0.001 A

Flux (T m2)

0.0005

0
0

Time (s)

A Figure 5.9 Flux as a function of time

Time (s)

L 1 1 1

b
0
0
o —1x 10731
g
< 3
— - >< -
5 2% 10
: ]
T _3x1073

AD
A Figure 5.10 o as a function of time

c +0.3mVv

9780170242110

Logic

Use ® = BAcos#, nofing that

6 = 0and A = 0.05m?is given in the
question.

AD

vy is the gradient of the ®(?) graph,
which is constant. We find this gradient
by taking the rise over run for a section
of the ®(¥) graph.

The emf is the negative of the gradient
of our ®(¥) graph, which we can see
above is —0.3mV; hence the emf is
+0.3mV.

UNIT 3 CHAPTER 5: ELECTROMAGNETISM
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2 marks

1T mark
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d /== Use Ohm’s law fo relate emf to current. 1 mark

R
;= 230x107V Substitute numbers including units. 1 mark
0.15Q
i= —0.002A or -2mA Calculate the final value. 1 mark
Try these yourself
1 What current would be produced if a five-loop coil was used instead? (5 marks)
2 How quickly would the field have to drop to zero to produce an induced current of 0.1 A? (6 marks)

ACTIVITY 5.1

ELECTROMAGNETIC INDUCTION
Aim
To investigate the current produced in a coil by a changing magnetic field

You will need
+  bar magnet

+  coil
+ sensitive ammeter or centre-zero galvanometer
What to do

1 Connect the coil fo the ammeter.

2 Slowly move the north pole of the magnet into one end of the coil and pull it out again. Note what
happens to the ammeter or galvanometer. Now do it faster.

Predict what you will see if you put the south pole of the magnet into the coil. When you have written
down your prediction, do the experiment.

w

What did you discover?

1 Did your observations match your predictions? Draw a sketch of the current as a function of time,
nofing what was happening with the magnet and coil along the time axis.

2 What can you say about the direction of the current?

LENZ'S LAW Lenz’s law

View the

animations The negative sign in the equation for induced emf tells us about the direction of the induced current.

of Lenz’s law, Consider a loop in a magnetic field that is getting stronger with time, as shown in

magnetic braking Figure 5.11. There are two possible directions in which the induced current can flow. How do

and metal we know which way it will go? The negative sign tells us that the current must flow such that the
de’rec’rors ...................... flux through the loop decreases. Why is this? The short answer is: conservation of energy.
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The potential energy of the changing magnetic field is transformed into electric potential
energy. The result is an electric field and, as we saw in Chapter 3, an electric field can do work by
applying a force. Work is done on any free electrons by the induced electric field. The electrons
then flow, giving the induced current. The induced current takes its energy from the changing
magnetic flux (via the electric field), and so reduces the rate at which the flux changes.

Consider what would happen if the current acted to produce a further increase in the You studied
magnetic flux through the loop. The flux would increase more, giving a bigger induced current, conservation of
giving a bigger flux and so on. We would have a ‘perpetual motion machine’ that made more energy in Nelson
and more current without any source of energy! This would violate conservation of energy Physics Unifs 1 &2

: N for the Austfralian
and cannot happen. So the current must flow in the other direction and act to decrease the .
. , . . . Curriculum, Chapter 1.
magnetic flux through the loop. Lenz’s law is essentially a statement of conservation of energy.

Lenz’s law:

An induced emf acts to produce an induced current. The induced current is in the
direction that causes a magnetic flux change that opposes the change in flux which
induced the emf.

When the magnet is moved towards This induced current produces <« Figure 5.11
the stationary conducting loop, a its own magnetic field directed A moving bar magnet

current is induced in the direction to the left that counteracts the induces a current in a
increasing external flux. conducting loop. The

shown. The magnetic field lines are direction of the current

due to the bar magnet. is determined by Lenz's
law.

I

. Y2 i
N\, =% pegi = X
7SS g

When the magnet is moved away This induced current

from the stationary conducting loop, produces a magnetic field
a current is induced in the direction directed to the right and so
shown. counteracts the decreasing

external flux.

&<LN_,/4/';~I \.\\E
%S i\: T —

Eddy currents

Induced currents are not only seen in wire loops, but in any material in which there are free
charge carriers. If a magnet is moved around over a piece of metal, the changing magnetic
field will induce eddy currents in the metal. The electrons move in circles in the region
where the field is changing. They form loops and spirals of current, like eddies in a cup of
tea when you stir it. These eddy currents create magnetic fields that oppose the changing
flux from the moving magnet. They act to slow down or brake the magnet. This is called
magnetic braking.
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ACTIVITY 5.2

MAGNETIC BRAKING
Aim

To investigate magnetic braking

You will need

+  plastic pipe

+ copper pipe of the same length

+ retort stand and clamps

+ strong magnet

+ stopwatch
+ something to cushion the magnet’s fall

What to do

1 Aftach the plastic pipe fo the refort stand so it stands vertically. Drop the magnet down the pipe and
fime how it long it takes to fall through the pipe.

2 Try dropping it north pole first and then south pole first. Does it make any difference?

Magnet

Pipe

3 Replace the plastic pipe with the copper pipe.

4 Can you predict in advance what will happen? Will the magnet fall faster or slower than in the plastic
pipe? Will it fall faster with the north pole down than with the south pole down? Write down your
predictions and your reasoning.

5 Now make some more measurements using the copper pipe.

< Figure 5.12 Experimental set-up

What did you discover?
1 Did your observations match your predictions? How can you explain what you observed?

An inferesting extension fo this activity is fo repeat the measurements using a copper pipe with a slit
along its length. Why do you think this might give a different result to a complete copper pipe?
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QUESTION SET 5.1

Remembering
1 What are the units of magnetic flux?
2 Define ‘electromagnetic induction’.

Understanding

3 Aloop is placed in a uniform magnetic field and moved in a straight line. In this case, no current is
induced in the loop. Why?

4 Figure 5.13 shows the flux through a loop as a function of time.

a Sketfch the rate of change of flux through the loop % Use the same time scale.
b Sketch the induced emf across the loop as a function of time. Use the same time scale.

0.06
B 0024/ \ / \
= 0 Time (s)
g oo 0.1\ /(').2 03\  Jo4
= N/
—0.04
N7 N7
—0.06 «Figure 5.13
5 Draw a flowchart that summarises Lenz's law for a magnet being pushed into a solenoid (coil).
Applying

6 A solenoid produces a magnetic field of 0.25T in its inferior. The field is approximately uniform. What is the
radius of the coil, given that the flux through any loop of the solenoid is 5.0mwWb?

7 Aloop of cross-sectional area 0.050m? with resistance 1.0Q is in a variable magnetic field. At what average
rate does the field need fo change o induce a current of 0.050A in the loop? Use graphs to explain your
answer.

Analysing

8 Aloop of cross-sectional area 0.015m? is in a magnetic field of 0.030T. Initially the loop is perpendicular to
the field lines (Figure 5.14). The loop is rotated about an axis parallel fo its long sides at a uniform angular
velocity of 5 revolutions per second.

e R «Figure 5.14

a What is the flux through the loop at = 0s?

b Draw a graph of the flux through the loop as a function of time. Mark important features on your graph
including the maximum flux and the period.

c Write an equation to describe the flux as a function of fime.

d On the same axes draw a graph of the induced emf across the loop as a function of time.

Reflecting
9 Follow the weblinks on page 124 about Maxwell and Faraday. Read more about them. Compare and
confrast their contributions fo electromagnetism. Whose contribution do you think was more significant?

Justify your answer.
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Figure 5.15 p

The rotation is circular,
so the circular
functions, sine and
cosine, represent the
loop’s motion.
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Applications of
electromagnetism

Many physicists find the symmetry between electric and magnetic fields very beautiful. It is
these underlying symmetries that help inspire physicists to find patterns in nature, leading to a
better understanding of how the universe works.

This symmetry is not only beautiful, it is incredibly useful! In this section we will look at
some of the applications of electromagnetism. Most of Australia’s electricity power production
relies on generators. Most appliances have a plug pack or built-in transformer. Blenders,
hairdryers and sound speakers are electric motors.

Generators

A generator uses the relative movement of coils of wire and magnets to induce an emf across
the coils to generate a current. The energy required to produce the movement may come from
any source. In Australia it is mostly supplied by burning coal. A small fraction comes from the
gravitational potential energy of water (hydroelectric power stations) and the kinetic energy
of air molecules (wind turbines). Many other nations use nuclear energy. All of these energy
sources require generators to produce electricity.

AC generators

Figure 5.15 shows a very simple alternating current (AC) generator. An alternating current is
one that varies between positive and negative values. Usually AC varies sinusoidally. The coil
is attached to an armature that rotates in the magnetic field between the poles of the two
magnets. As it rotates the flux through the loops of the coil varies, causing an emf across the
ends of the coil. Each end of the coil is attached to a conducting slip ring that slides against a
brush. The brushes are then connected to the external circuit that uses the emf generated.

Axis of rotation

‘ Armature 7
Q N / R
7
7
A ; S
7
/
7/
_ 5 A
4
7/
/
4
4
P4 S —

Slip rings

—_— Carbon brushes
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In Figure 5.16 the flux vs time graph is a sine curve because the original flux is zero.

The flux varies with the angle, 6, which varies in time such that 8(z) = (ZT“] t = 2mft, where

T'is the period of rotation. The frequency is f = = Hence, the flux as a function of time is given by:

® = nBAsin (2mf7)

where a coil with 7 turns of area A rotates in a magnetic field of magnitude B.

Flux | . ' .
I | 1
| I I I
I 1 | |
| I | I
I 1 | | -
1 1 ' lme
d I | l
I | 1
I | |
I | |
I 1
emf :
|
1
I
|
; | Time
I ]
| |
I 1
I |
I ]
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A Figure 5.16 A loop rotates in a circle. The flux through the loop describes a sine curve (top graph).
The ratfe of change of flux - the gradient - also describes a sinusoidal curve, but the emf is the negative
of the rate of change of flux (lower graph). The rotation of the coil is shown for each one-eighth of a turn.

The emf is the negative of the gradient of the flux as a function of time.
So the emfis given by:

emf = 2mfnBAcos (2mfi)

This is shown in Figure 5.16. Note that when the flux is changing most rapidly, the emf has
its maximum values. For a sine curve, the gradient is greatestat = 0, # = > and again at the
end of each cycle. When the flux is at a peak, at# = —and r = Ve the gradient is momentarily

zero, so the emf is zero. The flux and emf have the same frequency.
The maximum emf occurs when cos 2mf7) = *1; then:

Emax = 2TfnBA

The maximum emf can be changed by changing f; 7, B or A. If fis changed, the period
changes as well as the emf.

Usually the armature has a large coil of wire, as the emf is proportional to the number of
loops or turns in the coil. However, the bigger the coil, the heavier it is, so sometimes it is the
magnets that are rotated instead of the coil.
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WORKED EXAMPLE 5.3

A square coil of side length 0.10m is made up of 400 turns. It is rotated at 25Hz in a magnetic field of

magnitude 0.10T.
a Find the maximum emf induced. (3 marks)

b If, at =0, there is a maximum flux through the coil, sketch the emf as a function of time. (4 marks)

Answers
Q &max = 2mnBA

Emox = 27 X 25Hz X 400 X 0.10T x (0.10m X 0.10m)

Emax = 63V
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A Figure 5.17 Emf as a function of time

Try this yourself

What effect would doubling the frequency have on the maximum emf? Sketch emf(f) for this case.

Time (s
5 (s)

Logic

Relate emf o parameters given. 1 mark
Substitute the correct values with units. 1 mark
Calculate the final value. 1 mark
We know from part a that the emf 4 marks

varies between —63V and +63 V.

The period of its oscillations is the
same as the period of rotation, which

is 7= 1o in = 0.04s.
25

f
Note that as we do not know which way
the coil is turning, a sketch showing emf
starting from zero and decreasing first is
also possible.

EXPERIMENT 5.1

A SIMPLE AC GENERATOR

A simple AC generator can be made by attaching a magnet to a spring and oscillating it in a coil, as shown in

Figure 5.18.
Aim

To measure the current produced by the simple AC generator

Materials

+ retfort stand and clamps
spring

magnet

weights

coill

.

.

.

.

oscilloscope or data logger connected to computer

O
: GENERATORS

i This simulation
i shows how a
i generator works.

(5 marks)

What are the risks in doing this experiment?

How can you manage these risks to stay safe?

The magnet could fly off the spring and hit
someone.

Make sure the magnet is well attached and do not
oscillate it too vigorously.

In your write-up, add any more risks you can think of, as well as ways fo manage them.
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Procedure
1 Attach the spring fo the retort stand as shown in Figure 5.18. Spring l
2

Attach the magnet and one weight to the spring.

3 Place the coil below the magnet. Adjust the height of the spring and
magnet so that at equilibrium the magnet is just inside the coil.

4 Connect the coil fo an oscilloscope or data logger so that you can
measure the emf produced.

5 Pull the magnet down to start it oscillating. You may need to move the Coil with several
coil out of the way to do this, then put it back in place. hundred turns

6 Record the period of oscillation and the maximum emf produced. It is
more precise fo measure 10 complete oscillations, then divide by 10, to
get the period of oscillation. Don’t forget to include uncertainties in your

AFigure 5.18 A simple generator

results. can be made by connecting
7 Repeat the measurements, adding weights to vary the frequency of a ml?gfheT TTO,G spnrpg or_wdd

oscillation. You will need to adjust the height of the spring each time. osciiialing ITin a solenoid.
Results

Record the maximum emf as a function of period of oscillation in a table like the one below. Don't forget to
include units and uncertainties in your results.

Calculate the frequency of oscillation and add this to your table as shown.

Time for 10 oscillations Period Frequency Maximum emf

Analysis of results

Draw a graph of maximum emf as a function of frequency of oscillation. Comment on the shape of your graph.
Discussion

1 Do your results agree with what you would expect from the equation for the emf of a generator?

2 How could you improve this experiment to make it more accurate? What could you do to extend it?

AC quantities

For a sinusoidal potential difference, the relevant quantities are peak potential difference, V5,
peak-to-peak potential difference, V;_p, period, 7, and frequency, f. These are shown graphically
in Figure 5.19.

9 voremf ! i f:l
T | f_T 1«1/ T ! T
TN . WP . BN TR
| LR R | I Bl

AFigure 5.19 Induced emf gives rise to an induced current. The peak voltage and peak current are proportional to each
other and they have the same frequency. d) The induced emf or voltage has a peak value, V,, that is half the peak-to-peak
value, V, . It describes one cycle in one period of time, T. b) The induced current, i, has a peak value, I, that is half the peak-
to-peak value I, . It describes one cycle in one period of time, T.
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Figure 5.20»

a) A sinusoidal V(1).

b) We square this to

get V(). This has a

peak value of V2.

c) The average value

of V2(f), which has the
1

value 5\42. d) Taking

the square roof of this

value gives us the rms
1
value: V. = TVpeok.

i VALUES

i This page has

i more details of AC
¢ signals and how to
i find rms values.

Recall from your
studies of circuits

in Nelson Physics
Units 1T and 2 for the
Australian Curriculum
that current, |, and
voltage, V, for a load
of resistance R are
related by Ohm’s law:
V=IR
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When dealing with direct current (DC), potential difference and current are constant,
or at least constantly in the same direction. AC values vary between a peak positive value and
a peak negative value, oscillating back and forth in each cycle. The average of the AC potential
difference over one cycle is zero, yet the AC potential difference obviously delivers energy
during that time; that is, it delivers power to a circuit. Power is proportional to the square of the
potential difference. If we square the potential difference and find the average, we can get a value
for the average power. To convert this to a single potential difference that would deliver the same
power as the original AC potential difference, we take the square root of this average. The single
value of potential difference that we get when we square, average and take the square root is
called the root mean square or rms value:

_ Vo
I/rms - \/5 = 0.7071/136“

b V2
(Vp)2 4
—
Average
0
(&7 V2 d
V)
— _v
Square ms
root 04
. . 1
Similarly: Los = ﬁlpcak = 0.707/cax

The rms potential difference is an average AC potential difference that produces the same
power in a resistive component as a constant DC potential difference of the same magnitude.
AC systems are usually described using rms values.

For an AC generator, the maximum output emf is €, = 2mfnBA. The rms value of the
output emf is therefore:

The rms current produced is
L _ N2mfnBA
V2 R

where R is the resistance of the load attached to the generator output.

[rms =
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WORKED EXAMPLE 5.4

The rms potential difference produced by an AC generator is 240V. To what peak value does this correspond?
(4 marks)

Answer Logic

- Relate Vi 10 Viear. 1 mark

ms 2 peak

Voeak = 2V, Rearrange for Voea. 1 mark
Vear = V2(240 V) Substitute the correct values with units. 1 mark
Voeak = 340V Calculate the final value. 1 mark
Try this yourself
What is the peak potential difference of an AC generator built for use in the (8 marks)

USA where Vs = 110V?

Connections
DC generators @ Brushes o indings
A generator that provides an output emf that is always positive is called a DC generator. S.lip
In a DC generator, a commutator is used instead of the slip rings used in an AC rngs
generator, as shown in Figure 5.21.
In the commutator, each side of the coil is connected to a conducting copper strip.
These are separated by insulators. As the commutator rotates past the carbon brushes, the Shaft Connections

to windings

effect is the same as if the connections to the slip rings were reversed each half-cycle. The
output for a single coil is shown in Figure 5.22(a). The output is ‘lumpy’ or pulsed, rising
to a maximum and dropping back to zero each half turn.

To smooth out the lumpy DC current, it is usual to use many coils that are offset relative
to each other to provide a steady current. Each coil has separate pairs of connections to the

Coil L Axle

Commutator
emf at brushes
AFigure 5.21
a) An AC generator
uses slip rings. b) A
DC generator uses a

Time commutator.
emf in coil
«Figure 5.22
emf at brushes In a DC generator,

the carbon brushes
make contact with a
commutator, which
allows the connections
' fo the coils to switch
Two-coil DC Time every half cycle. a)
A single coil gives a
fluctuating output.
b) This problem is
overcome by using two
or more coils.

emf [~
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commutator. The output for a two-coil DC generator is shown in Figure 5.22(b). These two coils are
offset by 90°. One of the problems of using multiple commutators is that there can be sparking across

the insulating gap. This can be dangerous in car engines where there are flammable gases nearby.

QUESTION SET 5.2

Remembering
1 Name three sources of energy used in electricity production.
2 What is the purpose of the commutators in a DC generator?

Understanding

3 Why is there an alternating potential difference produced in a coil when it is rotated in a uniform
magnetic field?

Applying

4 An AC current source produces a current as a function of time given by i(f) = 30Asin (6xt).
a What are the maximum, average and rms values of current supplied by this current source?
b What is the frequency of this source?
c What is the period of the source?

5 The armature of an AC generator is rotating at a constant speed of 35 revolutions per second in a
horizontal field of flux density 1.0T. The diameter of the cylindrical armature is 24cm and its length is 40cm.

a Whatis the maximum emf induced in the armature if it has 30 turns?
b Whatis the rms emf produced by this generator?
6 Aflat rectangular coil 15¢cm by 25cm has 300 turns.

An alternating emf of peak value 340V is produced when the coil rotates at 3000 revolutions per minute
in a uniform magnetic field. What is the value of the magnetic field strength?

7 Arectangular coil of 30 turns and area 100cm? rotates at 1200 revolutions per minute in a uniform
magnetic field of flux density 0.50T.

a Find the frequency of the generated emf.
b Find the maximum emf.
c What is the rms emf?
d Write the equation that gives the emf at any instant.
8 Figure 5.23 shows the magnetic flux as a function of time through each loop of a 30-turn coil in a generator.

0.1
006 1/ N\ /\
e | \ / \
i UL \ / \

0 T \ T T / T \ 1 Time (S)
—0.02 . : - : g 12

—0.04

_ N/ \

o008 N S

—0.1

® (T m2)

<«Figure 5.23
a Find the maximum and minimum emf and the period of oscillation of the emf.
b Draw a graph showing the emf produced as a function of time.
c Mark the rms emf on the graph.
9 The armature of a 50Hz AC generator rotates in a magnetic field of strength 0.15T. If the area of the coil is
2.5 X 1072m?, how many turns must the coil contain if the maximum emf produced is 150V ?
Reflecting

10 Australia’s electricity production and transmission infrastructure is based on the use of generators
producing AC power. How would things be different if instead we converted completely fo power
generated by photovoltaic cells? What infrastructure would have to change? Construct an argument for
or against such a change.
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Transformers

Most appliances use a transformer to convert the 240 V mains power to a lower potential
difference. Some also convert the AC potential difference to DC. The transformer may be
inside the device, or it may be a separate plug pack. There are also transformers at electricity
substations. These drop the potential difference from the thousands of volts at which it is
transmitted to the 240V that is supplied to homes and businesses.

&

i

A transformer consists of two solenoids or coils of wire placed near each other so that an

Mark Fergus Photography

Alamy/KC Hunter

alternating current in the primary coil can induce a current in the secondary coil. The link
between input and output is by electromagnetic induction; there is no electrical connection.
Solenoids are used because they produce a large and approximately uniform magnetic field
inside the coil. The field in the primary varies sinusoidally with the alternating current in the
coil. The coils need to be coupled so that the changing magnetic field in the primary coil causes a
changing magnetic flux in the secondary coil. There are two ways of doing this. First, the coils can
share the same space by placing one within the other. This is sometimes used in cordless appliances
such as kettles. The second, and more usual, way is to link the coils using a ferromagnetic core.
Figure 5.25 shows how this works. The primary coil is wound around one side of an iron
core. The current in the primary coil magnetises the whole core, not just the part within the
primary coil. The time-varying current in the primary coil causes a time-varying magnetic field
inside the secondary core. This creates a time-varying electric field, hence an emf and current in
the secondary coil.

a Iron core b
I Iout
in q
o3 - 5 P o o)
[aic ) D
.= V. P q ] _
Pip = Vinlin T— 4—P Pout = VoutLout Input N N, Output
C—D D
[o S— q
D
0 O O

Pin = Vin Iin = Pout = Vout Iout

The flux through any loop is the same for both coils. If the primary coil has N, turns then:

AD

(O vivy

AD

Similarly: V.=—-N,|—
imilarly s [Atj
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VFigure 5.24
Some fransformers

Mark Fergus Photography

Solenoids produce
a large uniform
magnetic field,

as described in
Chapter 4.

A ferromagnetic
material becomes
magnetised in a
magnetic field. All
the tiny magnetic
dipoles, which are
individual atoms or
molecules, align
to give a large
magnetic field. This
was described in
Chapfter 4.

«Figure 5.25

a) A schematic diagram

of a transformer and

b) the circuit symbol for

a transformer.
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V_is proportional to
the rate of change
of the flux. Flux is
proportional to

V.. Hence V_is
proportional fo the
rafe of change of

y y o!Vp
L orV, « g
A fransformer is a
differentiator!

TRANSFORMERS

i This page shows

i how a transformer
i works. It also has

i atransformer

i calculator.

Figure 5.26 »
Converting AC to DC -
the potential difference
across, and the current
through, the resistor is

the same for both input
conditions.

As AA—(I) is the same for both coils:
t

i _ N,
Vi N,

Assuming that the transformer is 100% eflicient, power out = power in:

Poutzpin

Recall from Nelson Physics Units 1 & 2 for the Australian Curriculum that P = VI, so:

V=1LV,
:>IP _ N,
1 N,
Transformer equations:
V. L N,
v, I, N,

In reality, transformers are not 100% efficient, and a small amount of energy is lost as heat

through resistance and eddy currents.

A step-up transformer (I, > N,) has a higher emf and lower current on the secondary side.
A step-down transformer (V, < /V,) has a lower emf and higher current on the secondary side.

Step-down transformers are sometimes connected to a rectifier circuit, such as that shown
in Figure 5.26. A rectifier converts an alternating current to a direct current. This is done by
passing the current through two pairs of diodes. The current output across the load varies in
time but is always in the same direction. The variation is called a ‘ripple’, which is reduced by

using a smoothing capacitor and resistor.

s e—p-
Positive \ Negative

Negative ‘ Positive
-— p—

WORKED EXAMPLE 5.5

A 120W, 24V AC supply is connected to the input terminals of a transformer. The primary coil is wound with
240 turns. The output emfis 72V. Assume there is no power loss in the fransformer.

a Find the number of turns on the secondary coil. (4 marks)

b Is this a step-up or step-down transformer? (1 mark)

¢ What is the output curren