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Overview: How to use this

resource

The Cambridge Education Australia and New Zealand website has more information and demos for this title.

This overview guides you through all the components of the print and PDF textbooks, the Interactive
Textbook (ITB), and the teacher resources in the Online Teaching Suite (OTS). Users of the award-
winning Cambridge Science 7—10 for the Victorian Curriculum will recognise some similarities with this
senior science resource, including the hosting of the digital material on the Edjin platform, which was
developed from Cambridge HOTmaths and is already being used successfully by thousands of teachers and

students across Victoria.

Print book features
Learning objectives

In the Curriculum table at the start of each chapter, the Study Design dot points are translated into Learning
objectives, describing what students should be able to do by the end of the chapter:

Study Design

Learning intentions — at the end of this chapter |

will be able to:

Black text indicates Newton's laws of motion 2B

the portion of the  Investigate and apply theoretically 2B.1
dot point covered by and practically the laws of energy and
. . momentum conservation in isolated 2B.2
the section shown in systems in one dimension
the second column Relationships between force, energy
and mass
® Investigate and analyse theoretically and  2B.3
practically impulse in an isolated system
for collisions between objects movingin ~ 2B.4
. L a straight line: FAt= mAv
White text indicates e Analyse transformations of energy
the portion of the between kinetic energy, 2B.5

gravitational potential energy and
energy dissipated to the environment
(considered as a combination of heat,
sound and deformation of material):
» kinetic energy at low speeds:

dot point covered by
other sections

E :-;-mvz; elastic and inelastic

l

Momentum and impulse

Apply the formula p= mvto calculate the

momentum of bodies

Apply the law of conservation of momentum

to solve problems relating to two or more

objects colliding in a straight line when no

external forces act on those bodies

Be able to determine mathematically if a

collision is elastic or inelastic

Apply the relationship

I=Ap= mAv=mv - mu= F_ Atto solve

collision-type problems

Understand that the area under a force-time

graph is the impulse . . .
Learning objectives are

turned into Success Criteria

(achievement standards) at

the end of the chapter and are

assessed in the Chapter review

and tracked in the Checklists

Relevant Study Design dot points are repeated at the start of each section in the chapter, and an overall

curriculum grid is provided in the teacher resources.

Concept maps

Concept maps display each chapter’s structure with annotations

Concept map
Newton’s laws of motion

Second: the acceleration
experienced by a body is directly
proportional to the net force on the
body and inversely proportional to
the mass of the body

Third: every action force
has an equal and
opposite reaction force

First: an object in a state of rest or
travelling at a constant velocity
will remain in its state of motion
unless acted upon by an
unbalanced force

emphasising interconnectedness, providing a great memory \ ~ /

aid. All concept maps included in this book can be found on

pages xiv and xv.The versions in the ITB are hyperlinked

offer an alternative way of navigating through the course.

Links

The interconnectedness of topics in Physics is demonstrated

1A Newton's laws

and

-
Frictional force

1

through links between sections, displayed in the margins. In the
ITB, these are hyperlinks that provide a second alternative way
of navigating through the course.

Direction of

The work done on an object can also
displacement

cause a change in its kinetic energy.

Kinetic energy
the energy due

to movement
Fs=AE, Force
1B CIRCULAR Fprce perpendicular to
MOTION displacement

It is possible to apply a constant force
on an object and not transfer any
energy to the object. This occurs when
the applied force is perpendicular to
displacement. For example, as shown
in Figure 2A-3, when an object is in
uniform circular motion, there is a net
force on the object, but no energy is

ISBN 978-1-009-25901-9

Figure 2A-3 When the force is perpendicular to
the direction of displacement, no work is done.
For example, when an object is in uniform circular
motion, no work is done on the object.

Eddy de Jong et al

If a constant force acting on a
body is always perpendiculer to
the velocity, the body will
undergo uniform circular motion

If the only force acting on a
projectile is gravity, it will
undergo projectile motion

1C Projectile motion

1B Circular motion

Ve\ocwty,.“"
A

+ Centripetal acceleration

and centripetal force Y

60 70

0 10 20 30 40 50
Horizontal distance (m)

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Chapter sections
Chapters are divided into

numbered sections, each with

a consistent set of features.

Engage

At the start of each section,
these boxes provide points
of interest for the topic,
emphasising its place in

Physics. This material, though
not assessable, can be used as

examples of applications.

Explain

This icon marks the start
of essential content that
is assessed.

Glossary

Scientific terms are
highlighted in the text,
definitions are given in the
margin of the print and PDF
textbooks, or on mouseover
in the I'TB, and the terms
are listed at the start of each
chapter and section.

Check-in questions
Each section in the chapter
has one or more sets of
check-in questions, for
formative assessment. Full
answers are provided in the
digital resources.

Formula boxes

Important formulas are given

in boxes.

Worked examples

Fully worked examples are
given for questions involving
application of formulas and
numerical calculations.

ISBN 978-1-009-25901-9
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Study Design coverage for section Glossary terms in the section

’
Newton’s laws
|,
Study Design: Glossary:
e |nvestigate and apply theoretically Free-body diagram
and practically Newton’s three laws Free fall

of motion in situations where two Inertia
or more coplanar forces act along a Net force
straight line and in two dimensions Normal force

g ENGAGE

Maglev trains

Forces can broadly be classified as either contact or non-contact. When the north poles
of two magnets are aligned, a pushing force will occur even though the two magnets are
not in contact. The non-contact force of magnets is utilised in the design of the fastest
trains in the world, magnetic levitation (maglev) trains. A series of superconducting
magnetics and an electromagnetic drive system allows maglev trains to float above the
track. Maglev trains are able to achieve speeds of more than 400 kmh~! and are quieter
and less subject to vibration than normal locomotives.

n EXPLAIN

Newton’s first law
Newton’s first law states that an object in a state of rest or travelling at a constant velocity
will remain in its state of motion unless acted upon by an unbalanced force.

VIDEO 1A-1
NEWTON'S LAWS

Newton'’s first law is sometimes referred to as the law of inertia. For example, if a car is at
rest on the ground, the normal force provided by the ground pushing up on the car balances
the force due to gravity on the car. Since the forces on the stationary car are balanced, it
remains at rest. If a car is moving on a straight road at a constant velocity, then the forces
on the car will also be balanced)\The force of air resistance and rolling resistance is balanced
by the driving force provided by the road on the car.

Inertia

a body’s ability
to resist a
change in its
state of motion.

Terms in the glossary

Check-in questions — Set 1

1 When an object is in uniform circular motion, what is the direction of the net force?

2 When an object is in uniform circular motion, what is the direction of the velocity?

3 A 1300 kg car moves in a horizontal circle that has a radius of 30 m. If the centripetal
force is 9.75 x 103N, calculate the velocity of the car.

Glossary definitions

Formula 1A-4 Acceleration on a frictionless slope

a=gsin 0
Where:
a = Gravitational acceleration down the slope (ms~2)
g = Gravitational field strength close to the surface of Earth, 9.8 Nkg~! (or ms)
6 = Angle of the slope (°)

Worked example 1B-4 Banked turn

A 4500 kg truck travels on a banked track angled at 30° to the horizontal. The track has a

circular radius of 75 m.

a Explain how the banking allows the truck to maintain circular motion around the
bend without relying on the friction force.

b If the truck is travelling at 50.4 km h~, calculate the centripetal force required to keep
the truck in circular motion.
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Skills

Skills boxes in every section provide
advice and guidance on how to
answer and prepare for questions,
especially in examinations. The ITB
has video versions of these, which
provide extra comments and an
alternative medium of delivery.

Charts, diagrams and tables
Detailed charts integrating text and
diagrams, and illustrated tables,
feature throughout the print books.
In the ITB, many of these are
available as animated slide-show
presentations for students to use,
with copies for teachers to display
on data projectors or whiteboards.

Section questions

Summative assessment is provided
at the end of each section, with
full answers provided in the

digital resources.

Chapter reviews
Summaries: Students are
encouraged to make their own se
of summary notes, to help them
assimilate the material. Model
summaries are provided in the
teacher resources, to be given to
those who need help. Creating
summaries can also be turned into
an assessment task, with the models
serving as the answer.

Checklists and Success criteria:
The learning objectives from the
front of the chapter are listed again

2A SKILLS

Understanding how variables relate to each other

When looking at a formula, it is a useful skill to be able to quickly determine how the
variables in the formula relate to each other. For example, consider the formula for
gravitational potential energy:

.= mgAh

In this formula, the gravitational potential energy would be directly proportional to the
mass, gravity and change in height.

Im_m

L

5
8

<&

g
nd
]
e

Tine (5)

Time (s)

Figure 208 Elast

Vertical spring sy
in

Section 1A questions

Multiple-choice questions

1 A tennis ball is travelling through the air in a direction up and to the right, close to the
surface of Earth. Assuming that air resistance is negligible, which of the diagrams below
represents all of the forces acting on the ball?

Chapter 1 review

Summary
Create your own set of summary notes for this chapter on paper or in a digital document. A model
summary is provided in the Teacher Resources, which can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to: Linked questions

1A.1  Apply Newton’s first law to draw free-body diagrams and determine if 37, 4[], 5[,
a net force is acting on a body 703, 8, 1007,
1101 121

17 A violin string is played forming a 900 Hz sound standing wave. The string is fixed at the ends

. . . . Short-answer questions
in the form of success criteria lmked/ q

to the multiple-choice and short-
answer questions that follow. The
checklists are printable from the
ITB, and students can tick off their
achievement manually. If they do the
questions in the ITB, they are ticked
automatically when the questions
are marked or self-assessed.

Unit revision exercises

Each L[%Hﬁ lggg ) 58@{%_sxercise in the print book, gfégp c]%oﬂﬂd’élgﬁple'ChOié%%RgrﬁBQ%ﬁQéWr&ge&gH&B&m ent 2023

and a strobe photo of the vibrating string shows regions of no vibration (nodes), as shown
below. The distance between the fixed ends is 30 cm. The dashed line shows the string’s
position when it is not vibrating.

(1 mark)
(2 marks)

a Describe the mechanism leading to the formation of the standing wave.
b Calculate the period of the standing wave.

Photocopying is restricted under law and this material must not be transferred to another party.



Interactive Textbook features

The digital version of the textbook is hosted on the Edjin platform, offering easy

navigation, excellent on-screen display and multimedia assets, as well as auto-

marking of multiple-choice questions, and workspaces for other questions with

self-assessment and confidence rating tools. The different kinds of digital assets are

listed below:

« Printable Worksheets with extra questions and activities (and content in WORKSHEET 1A-1 EEE]
some cases) are provided for all chapters, marked by an icon in the margin, NEWTON'S LAWS
as shown on the right.

o Videos are provided for all chapters, and are of two kinds: concept videos VIDED 1A-1
demonstrate or illustrate important theory, while skills and example videos NEWTON'S LAWS
work through the textbook’s skills and example boxes, providing extra
explanation and guidance. Some videos are provided in the print pages as QR
codes for immediate access and review.

+ Animated slide-show presentations (in PowerPoint Show format) of many 3
charts, diagrams and tables are provided and are marked by an icon in the L&
margin as shown at right, enabling them to be explored interactively.

« Answers (suggested responses) to questions are provided as printable
documents in the teacher resources and, if enabled by the teacher, below the
ITB question workspaces.

o ‘Scorcher’ quizzes on terms and definitions let students test themselves.

Course Content X vk
| mms Dashboard

- " mam
O Lostseciion

= Interactive textbook

P Messages ¥ Welcome HS!
ol Reports

- Task manager

r_ Tests and Exams

© Last section viewed = Next chapter
(1 Offine textbook Chapter 1 Newton's lws of motion - Chinpiter 2 Force, snsrgy And mass

B Teacher onkmtatectiainsi ] [

PR Manage classes Change Text

2 Myclasses

F1 manage bookmarks

voe: Diagnostic ~ | | stamuscall ~ | | class:al ~
& s Testsand Brams ... | pe— | e

Go o all my tests and exams

++ Tasks Type: All v | = Classes Classes: School classes ~

homework week 10 % 2021 Science 12

Created on: 300372021 ¥ Class key budtd3s Students: 0
admin check
Class ke Deam341 Students: 0

Add to my classes

Add to my classes

Add to my classas
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Online Teaching Suite features (teacher resources)

The OTS provides Edjin’s learning management system, which allows teachers to set tasks, track progress

and scores, prepare reports on individuals and the class, and give students feedback. The assets include:

o Curriculum Grid and teaching programs

o Editable and printable Chapter tests with answers

« Checklists with linkage to the success criteria for the chapter question sets and tests

o A question bank and test generator, with answers

« DPractice exams and assessment tasks, with answers

o Editable versions of Worksheets in the Interactive Textbook, and answers to them

« Editable versions of the PowerPoint files in the Interactive Textbook

« Downloadable, editable and printable practicals

« Editable and printable chapter summaries (model answers for the chapter summary activity)

« Teacher notes on selected content with additional theory explanation and suggestions for further
activities and resources

 Curated links to internet resources such as videos and interactives.

o Practice SAC tasks

Exam generator

The Online Teaching Suite includes a comprehensive bank of exam-style and actual VCAA exam questions
to create custom trial exams to target topics that students are having difficulty with. Features include:

« Filtering by question-type, topic and degree of difficulty

o Answers provided to teachers

o VCAA marking scheme

o Multiple-choice questions that will be auto-marked if completed online

o Tests that can be downloaded and used in class or for revision.
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Overview: Aboriginal and Torres Strait Islander
knowledge, cultures and history

The VCE Physics Study Design includes aspects of Aboriginal and Torres Strait Islander knowledge, cultures
and history. This overview is a guide to coverage in this resource.

Aboriginal and Torres Strait Islander peoples’ world views are highly integrated: each aspect of culture,
history and society connects with all other aspects. Each community has their own personalised system of
thinking, doing and knowing based on sharing culture and adapting to the environment around them.

In order to gain an understanding of any system, Indigenous or not, time and effort is needed to appreciate
it. That time is limited in this course; and it is wrong to try and generalise the Indigenous culture of
Australia, or even of Victoria. Instead, the coverage in the resource should be taken as a collection of
examples, and students should read up on or engage with their local Indigenous community to understand
their cultural aspects.

This series includes examples of Aboriginal and Torres Strait Islander knowledge, cultures and history and
in the Unit 2 Options in the Interactive Textbook there is coverage of Option 2.15: How can physics explain
traditional artefacts, knowledge and techniques?

In addition, for students, the Interactive Textbook includes an introductory guide prepared by First Nations
consultants advising on approaches to studying Aboriginal and Torres Strait Islander knowledge, cultures
and history, with links to further reading.

For teachers, the teacher resources include a guide to approaches to teaching Aboriginal and Torres Strait
Islander knowledge, cultures and history in the VCE Physics course, with links to internet resources.

Guide to terms used in this resource

Language is very important in discussing Indigenous issues, especially given the past history of deliberately
offensive usage in Australia, where language was used to oppress and control.

Indigenous . Respectful usage requires a capital .
First Australians and First Peoples of any country

First Australians, First Nations or First Peoples  These terms have become more common in recent years, with
Indigenous people of Australia . . ) . .
Indigenous’ as the adjective.

Aboriginal . , One of the reasons that ‘First Nations’ and allied forms have become
an Aboriginal person is someone who is . . . . , .

of Aboriginal descent, identifies as being more common is that the term ‘Aboriginal’ was sometimes used
Aboriginal and is accepted as such by the disrespectfully, and still is in some circles.

Aboriginal community with which they
originally identified

Aboriginal and Torres Strait Islander peoples While this is still used in official circles and is in the name or title of
the Australian Indigenous population includes .. - .

Aboriginal People, Torres Strait Islander many organisations and documents, it is tending to be replaced by
People, and people who have both Aboriginal ‘First Australians’ and similar terms, especially in everyday use. This
and Torres Strait Islander heritage. The . L. . ). . .

term ‘Aboriginal and Torres Strait Islander’ is partly because the abbreviation ‘ATSI” is considered disrespectful

encompasses all three by Indigenous people, who regard it as lazy not to use a full title. The

abbreviation should not be used to refer to people.

Cambridge University Press & Assessment acknowledges the Australian Aboriginal and Torres Strait Islander
peoples of this nation. We acknowledge the traditional custodians of the lands on which our company is
located and where we conduct our business. We pay our respects to ancestors and Elders, past and present.
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David R Horton (creator), © AIATSIS, 1996. No reproduction without permission.

This map attempts to represent the language, social or nation groups of Indigenous Australia. It shows only the general locations
larger groupings of people which may include clans, dialects or individual languages in a group. It used published resources from |
eighteenth century — 1994 and is not intended to be exact, nor the boundaries fixed. It is not suitable for native title or other la
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This map attempts to represent the language, social or nation groups of Aboriginal Australia. It
shows only the general locations of larger groupings of people which may include clans, dialects or
individual languages in a group. It used published resources from the eighteenth century — 1994
and is not intended to be exact, nor the boundaries fixed. It is not suitable for native title or other
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AIATSIS Map of Indigenous Australia, showing the general locations of larger language, social or
nation groups. To zoom in on detail especially in Victoria, access the map in the Interactive Textbook.
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Concept maps for Units 3&4

This spread displays the concept maps for Chapters 1-9. Access the digital versions in the I'TB and click on
hyperlinks to explore the interconnections of the topics.
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Chapter 6 Transformers and Chapter 7 Light: Wave-like or
transmission of electricity particle-like?

Sinusoidal AC voltage and current is produced by rotation of a loop in a magnetic field Concept map

Compare calculated values for peak, peak-to-peak.
and rms AC voltage and current to DC

6A Peak and rms values of sinusoidal AC voltages

'g magnetic flux, inducing an EMF

l Transformers transfer electrical power to a separate
ci

7B Particle-like properties of light
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interlinked with all concept miaps fo the course.

Chapter 8 Light and matter Chapter 9 Einstein’s special
theory of relativity

Concept map Concept map

Electron diffraction patterns are evidence for the wave-like nature of matter

8A Mattr as particles or waves.

Quantised states of atoms
evidenced by the formation
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absorpt

8B Similarties between light and matter
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NEWTON'S LAWS OF
MOTION
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Introduction

First published in 1687, Newton’s laws of motion were a revolution in science. Before Newton’s
laws, people thought that a different set of principles applied here on Earth to those on the stars
and planets. Newton’s laws unified these ideas, stating that the set of principles that predict the
motion of an apple dropping on Earth is the same as those that predict the motion of the stars
and planets.

Although Newton’s laws are limited when it comes to relativistic effects, they are still widely used
today by engineers and scientists and they continue to be used to plan the trajectories of most
artificial satellites and space probes. Newton’s laws were used to plan the flight path of Apollo 11
that successfully landed humans on the Moon in 1969.

This chapter describes and applies Newton’s laws to a number of different everyday situations.
It then goes on to explore circular motion and projectile motion.

5N

Y F S ] e
\‘ »‘r_ ‘,ﬂ ‘.‘ ‘,':S"H%~ .

ridgi'uﬁi\) Pr ‘ ss:‘éssmgm-f?a&._’};‘ '{‘{
N Y “on » 7Y
" Py L8

4



Curriculum
Area of Study 1 Outcome 1

How do physicists explain motion in two dimensions?

Study Design

Newton’s laws of motion

e |nvestigate and apply
theoretically and
practically Newton's
three laws of motion in
situations where two or
more coplanar forces
act along a straight line
and in two dimensions

e |nvestigate and analyse
theoretically and
practically the uniform
circular motion of an
object moving in a

horizontal plane:
2

F =%, including:

» a vehicle moving
around a circular
road

» a vehicle moving
around a banked
track

» an object on the end
of a string

e |nvestigate and apply
theoretically Newton’s
second law to circular
motion in a vertical
plane (forces at the
highest and lowest
positions only)

o
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Learning intentions — at the end of this chapter | will be able to:

1A
1A.1
1A.2

1A.3

1B
1B.1

1B.2

1B.3

1B.4

1B.5

1B.6

1B.7

1B.8

Newton’s laws

Apply Newton'’s first law to draw free-body diagrams and
determine if a net force is acting on a body

Apply Newton’s second law, using the formula f_, = ma
to calculate the acceleration of a system or to calculate the
force on different parts of the system

Apply Newton’s third law to identify action—reaction

force pairs using the convention ‘force on A by B’

or FonAbyB = _FoanyA

Circular motion

Understand that when in uniform circular motion, the
centripetal force and acceleration is directed to the centre
of the circle and that the velocity is tangential to the

centripetal force
2 2

Apply the formula F; = MY and a= yr— to solve
r

questions relating to a vehicle moving around a flat

circular section of a road and an object on the end of a

string that is being swung in a horizontal circle

Draw a free-body diagram of all of the forces acting on a

vehicle moving around a banked track and indicate the

direction of the net force (centripetal force)

Be able to explain that the horizontal component of the

normal force provides the centripetal force for a vehicle

moving around a frictionless banked track

Apply the formula F,, = mgtan 6 to solve questions

relating to circular motion on a smooth, banked track

or road

Be able to draw free-body diagrams of objects moving

in vertical circular motion and be able to identify the

centripetal force

Be able to write equations that relate the normal/tension

force and the gravity force to the centripetal force and

apply these equations to solve problems of vertical

circular motion

Solve quantitative and qualitative problems relating to

vertical circular motion, including using the formulas
21r 1

—=——andNr=—
=TT f

[ A v W 4




Study Design

e |nvestigate and analyse
theoretically and
practically the motion of
projectiles near Earth’s
surface, including a
qualitative description
of the effects of air
resistance

Learning intentions — at the end of this chapter | will be able to:

1C
1C.1

1C.2

Projectile motion
Describe the flight path of a projectile within Earth’s
gravitational field and describe the effect that air
resistance will have on the projectile

Solve projectile motion questions by considering the
vertical and horizontal components of the projectile’s
velocity and using the equations of straight-line motion
under constant acceleration using the formulas:
v=u+ at

v2=u?+ 2as

1

5=l(u+v)t=ut+lat2 =vt—=at®
2 2 2

VCE Physics Study Design extracts © VCAA; reproduced by permission.

Glossary

Banked track
Centripetal acceleration
Centripetal force
Free-body diagram

Free fall

Inertia

Net force

Normal force

Projectile

System

Uniform circular motion

Imbridgd Univers 3
ridg alv |';yJ3’r?:

ferred to anothe patty.«



Concept map

First: an object in a state of rest or
travelling at a constant velocity
will remain in its state of motion
unless acted upon by an
unbalanced force

N

Newton’s laws of motion

Second: the acceleration
experienced by a body is directly
proportional to the net force on the
body and inversely proportional to
the mass of the body

Third: every action force
has an equal and
opposite reaction force

4

Thrust
force

e

1A Newton’s laws

Lift Thrust force

Net force

force
Frictional
force

Force due to
gravity

Force due to
gravity

Force on the person
due to the rope

o

Force on the rope |
due to the person

Lift
force

Frictional force

If a constant force acting on a
body is always perpendicular to
the velocity, the body will
undergo uniform circular motion

1B Circular motion

Velocity .-~

» Centripetal acceleration
and centripetal force
------------- > e

If the only force acting on a
projectile is gravity, it will
undergo projectile motion

1C Projectile motion

, B
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See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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° CHAPTER 1 NEWTON’S LAWS OF MOTION

~ Newton’s laws

£

Study Design: Glossary:
e |nvestigate and apply theoretically Free-body diagram
and practically Newton’s three laws Free fall
of motion in situations where two Inertia
or more coplanar forces act along a Net force
straight line and in two dimensions Normal force
System

e ENGAGE

Maglev trains

Forces can broadly be classified as either contact or non-contact. When the north poles
of two magnets are aligned, a pushing force will occur even though the two magnets are
not in contact. The non-contact force of magnets is utilised in the design of the fastest
trains in the world, magnetic levitation (maglev) trains. A series of superconducting
magnetics and an electromagnetic drive system allows maglev trains to float above the
track. Maglev trains are able to achieve speeds of more than 400 kmh! and are quieter
and less subject to vibration than normal locomotives.

Figure 1A-1 Shanghai’s maglev train departures for Pudong airport. This train transports
passengers from Pudong International Airport to Shanghai’s downtown area, a distance of about
50 km in just over 10 minutes.

A maglev train, like the one between Pudong International Airport and Shanghai in
China, could transport passengers from Melbourne to Sydney in two hours. Currently,
this is a ten-hour car trip and a one-hour aircraft flight.
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1A NEWTON’S LAWS 0

EXPLAIN

Newton’s first law

Newton’s first law states that an object in a state of rest or travelling at a constant velocity
will remain in its state of motion unless acted upon by an unbalanced force.

Newton’s first law is sometimes referred to as the law of inertia. For example, if a car is at
rest on the ground, the normal force provided by the ground pushing up on the car balances
the force due to gravity on the car. Since the forces on the stationary car are balanced, it
remains at rest. If a car is moving on a straight road at a constant velocity, then the forces
on the car will also be balanced. The force of air resistance and rolling resistance is balanced
by the driving force provided by the road on the car.

A Normal
force

A Normal
force

Stationary Moving at

~ constant velocity
Air
resistance

Driving
7 force

Force due to
gravity

Force due to
gravity
Y

Figure 1A-2 The sum of the forces on a stationary car and a car moving at a constant velocity will be
equal to zero. Note that the force due to gravity and the normal force are not action-reaction pairs.

It is counter-intuitive to our daily experience that an object will continue at a constant
velocity as long as the sum of the forces acting on the object is zero. This is because, in our
experience, objects will come to rest due to friction, as the force of friction causes a non-
zero net force on objects, which directly opposes their state of motion.

Newton’s second law
Newton'’s second law states that the acceleration experienced by a body is directly

proportional to the net force on the body and inversely proportional to the mass of
the body.

This law is often expressed in terms of the following formula.

Formula 1A-1Newton’s second law

F

net

m

a=

Where:
F_..= Net force acting on the body (N)
m = Mass of the body (kg)
a= Acceleration of the body (ms~2)
This is often rearranged to:

Fnetz ma

ISBN 978-1-009-25901-9 Eddy de Jong et al
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Inertia

a body'’s ability
to resist a
change in its
state of motion.
Inertia is
dependent only
upon the mass
of the body.

Normal force
the force that a
surface applies
to a body in
contact with

it. The force is
always applied
perpendicular
to the surface
and prevents
the body falling
through the
surface.

Net force

the vector sum
of all of the
forces acting on
a body. The net
force may also
be referred to as
the unbalanced
force or the
resultant force.
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° CHAPTER 1 NEWTON’S LAWS OF MOTION

Free-body
diagram

a diagram

that shows

the relative
magnitude and
direction of all
of the forces
acting on a body

ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023

When determining the net force on a body, it is often helpful to draw a free-body diagram,
as shown in Figure 1A-2 on the previous page and in the left-hand diagram of Worked
example 1A—1. The individual force vectors can be added to find the net force vector.

Worked example 1A-1 Calculating net force

Calculate the acceleration of a 66 000 kg aircraft travelling in a level horizontal flight that
has a forward thrust of 350 kN and a backward frictional force of 300 kN.

A
Lift Thrust force

=
force -
Thrust JFrictionaI Net force
force

f
-—= I Lift
i 8 Force due to force
gravity
Force due to Y _ -
gravity Frictional force

Solution

The free-body diagram on the left and the vector diagram on the right show that the net
force on the aircraft will be 50.0 kN forwards. The acceleration can then be determined:

_&_somo3

=0.756 m s forwards

m 66000

Note that as the aircraft is travelling in a level horizontal flight, the gravitational force
down and the lift force up are balanced.

Worked example 1A-2 Calculating net force with a force at an angle

A 3 kg block is being pulled by a force of 30 N by a rope that makes an angle of 27° to the
horizontal. A 20 N friction force acts. A diagram of this situation is shown below.

20 N
<« 3kg

a What is the magnitude of the net horizontal force on the block?
b What is the magnitude of the horizontal acceleration of the block?

Solution

a The net horizontal force will be the sum of all of the horizontal forces on the block:
30 cos 27° - 20=6.73 N

b F 6.73

a=-—2t="""—224ms>
m
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1A NEWTON’S LAWS °

It is important to remember that when two or more bodies are moving with the same
acceleration, the force on each of the bodies will not be the same unless the masses are the
same. For example, if a 1 kg, 2 kg and 3 kg ball are all dropped from the same height, they
will all accelerate towards the surface of Earth at the same rate: 9.8 ms~2 (if air resistance
is ignored). However, to have the same acceleration, the forces on the balls must all

be different.

cf & &

Fon 1 kg ball = mg = (1)(9.8)
=98N Fon 2 kg ball = Mg = (2)(9.8)

=19.6 N Fon 3 kg ball = Mg = (3)(9.8)
=294 N

Figure 1A-3 At the surface of Earth, dropped balls all accelerate downwards at 9.8 m s2, The
gravitational force that the balls experience depends on their mass.

Another fundamental idea is that the only way to cause a body to accelerate is by
applying a net force on the body. The body will then accelerate in the same direction as
the direction of the net force. This means that the direction of the acceleration and the
velocity might be different.

For example, if a car is approaching a red light and the car brakes, the car’s velocity will be
forwards but the acceleration, and therefore the net force on the car, will be backwards.
Similarly, if you throw a ball vertically upwards, as soon as the ball leaves your hand, the
ball will be accelerating down, as the only force acting on the projectile is the force due to
gravity (if air resistance is ignored). The ball may be moving up, but its upwards velocity
is constantly decreasing until the projectile is momentarily stationary at the maximum
height, after which point the ball’s velocity will be downwards and increasing in the same
direction as the acceleration.

Inclined planes

When on a slope, a stationary object will have three forces acting on it: the force due to
gravity, which acts vertically down, the normal force, N, which acts perpendicular to the
surface and the friction force, F, which acts parallel to the slope as shown in Figure 1A—4
on the next page. The magnitude of the normal force (Formula 1A-2) and the gravitational
force down the slope (Formula 1A—-3) can be calculated as follows.

Formula 1A-2 Normal force of an object on an inclined plane

N=mgcos 0
Where:
N = Normal force on the object by the surface (N)
m = Mass of the object (kg)
g = Gravitational field strength close to the surface of Earth, 9.8 Nkg!
0 = Angle of the slope (°)
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@ CHAPTER 1 NEWTON’S LAWS OF MOTION

Formula 1A-3 Gravitational force down the slope

F,, =mgsinf
Where:
m = Mass of the object (kg)
g = Gravitational field strength close to the surface of Earth, 9.8 Nkg™!
F,. = Gravitational force component down the slope (N)
0 = Angle of the slope (°)

N = mgcos 0

..mgsin 0
A

Force due
mg cos 0 to gravity

’

’

y

¥
“ﬁj Figure 1A-4 The forces acting on an object that is stationary
on an inclined plane

If the friction force is less than the gravitational force parallel to the slope, then the object
will accelerate down the slope. On a frictionless surface, the acceleration down the slope is
given by Formula 1A—4.

Formula 1A—4 Acceleration on a frictionless slope

a=gsin 6

Where:
a = Gravitational acceleration down the slope (ms~2)
g = Gravitational field strength close to the surface of Earth, 9.8 Nkg™! (or ms=2)
0 = Angle of the slope (°)
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1A NEWTON’'S LAWS °

Worked example 1A-3 Inclined planes G

A 15 kg box slides down a slope inclined at 34°. The acceleration of the box is measured
to be 0.397 ms=2.

34°

a Calculate the magnitude of the normal force acting on the box.

b Calculate the gravitational force of the box parallel to the slope.

¢ Assuming that the slope provides a constant frictional force that opposes the box’s
motion, calculate the magnitude of the constant frictional force acting on the box.

Solution

a N=mgcos 0= (15)(9.8)(cos 34) = 122 N
b F, =mgsin 6=(15)(9.8)(sin 34) =822 N
¢ F, =ma=(15)(0.397)=5.955 N

Frition = Fyo — Foot =822 - 5.955=76.2 N
Newton’s third law

Newton’s third law states that every action force has an equal and opposite reaction force.

When considering the action and reaction force pairs, it is important to remember that
these two forces will always act on different bodies. For example, in Figure 1A-5 below, the
fighter jet pushes out extremely hot gas from the exhausts, which is considered the action
force. The reaction force is the hot gas pushing on the jet accelerating forwards.

Figure 1A-5 The jets of a fighter jet push out extremely hot gas; the gas pushes back on the fighter
jet and accelerates it forwards.
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e CHAPTER 1 NEWTON’S LAWS OF MOTION

Free fall

when an object
is falling down
and only the
force of gravity
acts on the
object

-

Eorce on the road by tyre

Force on the tyre by road

Figure 1A-6 Newton’s third law in action for a mountain bike

Check-in questions — Set 1

1 A ten-pin bowling ball is sliding to the right at a constant velocity. On the diagram, label
all of the forces acting on the ball. Assume there is no friction acting on the ball.

v
PR

2 A 3600 kg speedboat is propelled by a thrust force of 10800 N. The water and air
provide a combined resistance of 3500 N. Calculate the acceleration of the speedboat.

3 Ifanaircraft is flying horizontally through the sky and the action force on the aircraft is
the force due to gravity, then what is the reaction force?

Normal force
Imagine that you are
free-falling close to
Earth’s surface. When
you free fall, the force of
gravity acts to accelerate
you to the ground. The
action force is the force
due to gravity on you
and the reaction force

is an equal and opposite
force pulling Earth up
towards you.

Now, imagine that
instead of falling you are
standing on a tightrope.
When standing on the
tightrope you no longer
accelerate towards the

ISBN 978-1-009-25901-9
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Force due to gravity

Gravitational attraction
acting on Earth towards you

Figure 1A-7 Earth acts to pull you, in free fall, towards it. The
reaction force will be you pulling Earth up towards you. This is an
example of Newton’s third law.
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1A NEWTON’'S LAWS e

surface of Earth. You remain stationary because the forces on you are balanced. You apply

a force onto the tightrope and the tightrope applies a normal force on you. This reaction
force is referred to as the normal force and is often expressed as N or F. This means that
there are two force pairs in this situation. The action force of the force due to gravity on you
is paired with the reaction force of the force on Earth acting towards you; the action force
that you apply on the tightrope is balanced by the reaction force of the tightrope applying a
force on you.

Force on the person
i due to gravity

3
Force on Earth
due to gravity

Force on the person
due to the rope

Force on the rope
due to the person

Figure 1A-8 As a person stands on the rope, the force on the person due to the gravitational attraction
towards Earth is balanced with the force on Earth due to the gravitational attraction towards the
person. The bottom diagram shows that as the person applies a force on the rope, the rope will apply a
force on the person. The force on the person due to the rope is called the normal force.

Note that the force due to gravity and the two reaction forces are not an action—reaction
pair, even though they are equal in magnitude and opposite in direction, as they act on the
same body.
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CHAPTER 1 NEWTON’S LAWS OF MOTION

Vertical motion

As discussed on pages 12 and 13, your normal force is a result of how hard you are pushing
on the ground. Your normal force is not a fixed value and can vary. Take the situation of
being in a lift, when stationary or moving at a constant velocity your normal force is equal
in magnitude to the force on you due to gravity. But if the lift accelerates up, you will feel
heavier, as you have a greater normal force. If the lift accelerates down, you will feel lighter,
as your normal force will decrease. If the cable of the lifts breaks, you will have no normal
force at all, for a short time.

Normal
force

A

Normal Force due
force to gravity

Y
A

Net force

Force due
to gravity

=3 Figure 1A-9 The two forces acting on a person in a lift that is accelerating up.

G] As the lift accelerates up, the passenger of the lift will push down harder on the
ground, the ground will then push harder back up, increasing the normal force.
This increased normal force provides the net force necessary for the passenger to
accelerate with the lift.

The normal force can be calculated using the following formula.

Formula 1A-5 Normal force acting vertically

N= m(avertical + g)

Where:
N = Normal force of the object by the surface of the lift (N)
m = Mass of the object (kg)
A o 1ica = Acceleration in the vertical direction (m s72)
g = Strength of the gravitational field, 9.8 Nkg! (or ms~2) on the surface
of Earth
ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
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1A NEWTON’S LAWS @
Worked example 1A-4 Normal force

A 72 kg person stands on a set of scales that measure the force they apply to the floor
inside a lift. What is the force that the scales read when the lift is:

a atrest

b moving at a constant velocity of 0.50 ms~! down

¢ moving with an upward acceleration of 0.15 ms—2

d moving with a downward acceleration of 0.30 ms~2?
Solution
a N=mla,,;..+8=(72)(0+9.8)=706 N
b N=m(a,,.,+8 =(72)0+98)=706 N
¢ N=mla,, .+ =(72)(0.15+9.8) =716 N
d N=m(a,,,..,+8 =(72)(-0.3 +9.8) =684 N
Applying Newton’s laws WORKSHEET 1A-1

Newton’s laws can be applied to solve a variety of problems. L8 NEWTON'S LS

Worked example 1A-5 Applying Newton’s laws to a block system

A 150 N force is used to push two blocks, A and B, on a frictionless surface. Block A has
a mass of 5 kg and block B has a mass of 2 kg; when they are pushed both blocks move
as one.

150 N A=5kg
B=2kg

Frictionless surface

a Calculate the acceleration of the two blocks.
b What is the force on block B by block A?
¢ What is the force on block A by block B?

Solution
a As the two blocks move as one, you need to add the masses together.

E 150

net _

m 5+2

a= =214 ms™>

b As B is accelerating at 21.4 ms~2, you need to find the force that will accelerate it at
this rate:

Epoya=ma=2x214=428 Nto the right

c Asevery action has an equal and opposite reaction, the action force is the force
that block A applies on block B. So, the reaction force will be the force that block B
applied to block A. Therefore, the force is 42.8 N to the left.
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Worked example 1A-6 Applying Newton’s laws to a pulley system

A 10 kg mass, initially at rest, lies on a frictionless table. It is attached to a 4.5 kg mass

System that hangs freely off the table, via a cable and frictionless pulley system.
a collection of

objects that
interact with
each other 10 kg ™\
and are being <
studied

4.5 kg

a What is the acceleration of the system?
b Calculate the tension in the string.

Solution
a The first step is to determine the net force acting on the system. As the 4.5 kg mass
is hanging freely, it will provide a net force that pulls the whole system. As the 4.5 kg
mass falls, the pulley system will transfer the force to the 10 kg block, causing it to
slide to the right.
Therefore:
F  =mg=45x98=441N

Newton’s second law can now be applied to calculate the acceleration of the system
(note that as the whole system is being accelerated, the two masses are added):

d:h: 44.1 =3.04 ms™>
m 10+4.5

b The tension in the string is a result of the string pulling on the 10 kg mass and
accelerating it at 3.04 ms~2 Therefore, the tension can be found by applying
Newton’s second law:

F,,=ma=10x3.04=30.4N

Worked example 1A-7 Applying Newton’s laws to a carriage system

An engine with a mass of 19000 kg is towing two carriages, each with a mass of
15000 kg. The engine is connected to both of the carriages by coupling A and the two
carriages are connected by coupling B. As the engine leaves the station, it produces

a driving force of 48 kN. Assume there is no rolling or air friction in this system.

A diagram of this situation is shown below.

19000 kg

15000 kg

15000 kg

-
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1A NEWTON’S LAWS a

a Calculate the acceleration of the engine and carriage system.
b Calculate the tension in coupling A.
¢ Calculate the tension in coupling B.

Solution
a First, convert the units to SI units: 48 x 103N
As the engine is towing both of the carriages, they are all part of the same system and
will all accelerate at the same rate. This means that the masses can be added together
to find the magnitude of the acceleration:
5 48x10°

a=net =0.980 m s>
m 15000 + 15000 + 19000

b Coupling A is towing two carriages. This means it is subject to the tension required
to accelerate both carriages at 0.980 ms™
F=ma= (15000 + 15000) x 0.980 =2.94 x 10* N
¢ Coupling B is towing one carriage. This means it is subject to the tension required to
accelerate one carriage at 0.980 ms2

F=ma=15000 x 0.980 =1.47 x 10* N

VIDEO 1A-2

SKILLS:
1A SKILLS DIRECTION OF

AVECTOR
Determining the direction of a vector
In any question that involves a vector quantity, the direction of the vector must be
considered and incorporated into any equation that you use. Direction can be incorporated
into an equation with a positive and negative sign representing different directions. This
means that whenever you encounter a problem involving vectors, one of the first things you
must do is determine which direction will be positive and which direction will be negative.
It does not matter which direction you make negative or positive; for example down can be
negative and up can be positive or down can be positive and up can be negative. However,
once you have decided which direction represents positive and negative, you must remain
consistent throughout the question. When you have made this decision, write it down on
the page as this will allow you to keep track of the meaning of a positive or negative answer.

Question
A model rocket launches up in the air and experiences a thrust force of 650 N and a
constant drag force of 225 N. Calculate the net force acting on the rocket.
Solution
Determine which direction is positive:
positive direction = up
Add the vectors:
F .. =650 + (-225) =425 N up
Note that the positive answer gave the direction: up.
You could also let up be negative and the solution would still be the same:
F .. =(-650) +225=-425N

The negative indicates the direction: up.
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Section 1A questions

Multiple-choice questions

1 A tennis ball is travelling through the air in a direction up and to the right, close to the
surface of Earth. Assuming that air resistance is negligible, which of the diagrams below
represents all of the forces acting on the ball?

A 4_@ | @—* | ? | é
2 A truck has four times the mass of a car, both vehicles are moving at 10 ms~! to the
right. Both see a red traffic light ahead and use the 50 m ahead to brake. Both the car and

the truck have a constant deceleration and both come to a stop after 2 seconds. Which
of the following statements about the acceleration of the truck and the car is correct?

A The truck’s deceleration is four times greater than the car’s.
B The car’s deceleration is four times greater than the truck’s.
C The truck’s deceleration is two times greater than the car’s.

D The truck and the car have equal deceleration.

3 An ultralight aeroplane of mass 500 kg flies in a horizontal straight line at a constant
speed of 100 m s~1.
The horizontal resistance force acting on the aeroplane is 1500 N.

Which one of the following best describes the magnitude of the forward horizontal
thrust on the aeroplane?

A 1500 N

B slightly less than 1500 N
C slightly more than 1500 N
D 5000 N

VCAA 2019
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1A NEWTON’S LAWS @

A truck has a 0.25 kg ball attached to a string of negligible mass, the string is fixed to the
roof of a truck and free to swing. When the truck is at rest, the string is vertical. When
the truck accelerates uniformly, a passenger on board the truck sees the string make a
24° angle with the vertical, as shown in in the diagram below.

Use the following information to answer Questions 4 and 5.

4 Which of the diagrams best represents all of the forces acting on the ball when the truck
is accelerating?

A B A Cc z D T_,
5 What is the acceleration of the truck?

A 9.48 ms2

B 4.36 ms™2

C 245 ms™2
D 0.045 ms2

6 A heavy ball is hanging from the ceiling by a string that has negligible mass. If the action
force is the force due to gravity of the ball, what is the reaction force?

Action force: force

due to gravity
A the tension force provided by the string
B the ball pulling Earth up
C the normal force on the ball
D a compression force within the ball
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@ CHAPTER 1 NEWTON’S LAWS OF MOTION

Short-answer questions

7 A 200 kg object has a 50 N net force being applied to it. What is the magnitude of the
acceleration of the object?

8 A 650 kg object is accelerating to the right at 28 cms™2. What is the magnitude of the
net force acting on it (in N)?

9 A car is moving at a constant velocity, when suddenly the driver sees some debris on
the road and brakes hard. The driver observes that a tennis ball in the passenger seat
moves forwards until it hits the front end of the passenger compartment. Use your
knowledge of Newton’s laws of motion to explain this observation.

10 A student conducted an experiment in which two heavy objects were dropped from the
first story of a building. Assume air resistance is negligible. One of these objects has a
mass that is five times greater than the other. The student states that the gravitational
force on each object must be the same as both objects hit the ground at the same time.
Is this explanation correct? Justify your answer.

11 A piston pushes three blocks, A, B and C, to the right. On the diagram below, draw all
of the forces acting on B. Make sure that they are all clearly labelled.

12 A locomotive that has a mass of 35000 kg can produce a driving force of 2.50 x 10* N.
It is pulling a train consisting of three empty carriages, each with a mass of 1500 kg,
towards a mine. The train is connected to the carriages by a coupling, X. Couplings Y
and Z hold the carriages together. A diagram of this situation is shown below (friction
forces are considered to be negligible).

Calculate the acceleration of the locomotive.

Calculate the tension in coupling X during acceleration.

When the train reaches the coal mine, the three carriages are filled with equal
masses of rock. The train then accelerates from rest at 0.540 ms~2.

o o

Calculate the mass of rock added to each carriage, given that the driving force of the
train remains unchanged.

d Calculate the tension in coupling Y during acceleration when the carriages are filled
with rock.
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1A NEWTON’'S LAWS 6
13 Students set up an experiment as shown in the diagram below.
M., of mass 4.0 kg, is connected by a light string (assume it has no mass) to a hanging
mass, M,, of 1.0 kg.

The system is initially at rest. Ignore mass of string and friction.

4.0 kg
My

1.0kg| My

The masses are released from rest.

a Calculate the acceleration of M.
b Calculate the magnitude of the tension in the string as the masses accelerate.

VCAA 2015

14 Two blocks, A and B, are being pushed with a force of 56 N to the right. Block A has
a mass of 3 kg and the two blocks move to the right with an acceleration of 4 ms=2

Assume the surface is frictionless.

56 N

a Calculate the mass of block B.
b What is the force that block A exerts on block B?
¢ What is the force that block B exerts on block A?

15 A mother is having difficulty moving her pram on the soft sand of a beach. Considering
the components of the forces involved, is it easier to push or pull the pram? Explain
your answer.

> 4
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% Circular motion
Study Design: Glossary:
e |nvestigate and analyse theoretically and Banked track
practically the uniform circular motion of an , Centripetal acceleration
object moving in a horizontal plane: F. Wiy Centripetal force

including: e Uniform circular motion
» a vehicle moving around a circular road

» a vehicle moving around a banked track

» an object on the end of a string

e |nvestigate and apply theoretically Newton’s
second law to circular motion in a vertical plane
(forces at the highest and lowest positions only)

ﬁ ENGAGE

You couldn’t live without a centrifuge

All centrifuges work on the same basic principle; as they spin, the denser matter is
forced away from the axis of spin and the less dense matter is displaced closer to the
axis of spin. This means that centrifuges are very effective at separating matter that has
varying densities.

Currently, there is a range of different centrifuges. Centrifuges are used in medicine

for blood and urine to detect pathologies such as anaemia, bone marrow failure and
leukaemia. Centrifuges are also used to purify chemicals; for example, gas centrifuges
are used for enriching uranium by separating uranium-235 from uranium-238. Ultra-
high-speed centrifuges rotate at 150000 revolutions per minute (RPM) and are used
extensively in biochemistry and molecular chemistry as they have the ability to separate
proteins, ribosomes and viruses.

Figure 1B-1 The centrifuge above is being used to analyse blood tests. The specimen
tubes are placed in holders that position the tubes at an angle to the axis of spin, or
even at 90° to it, with the top closer to the axis and the bottom further away. During
centrifugation, the denser red blood cells settle at the bottom of the tube, while the less
dense plasma rises to the top.
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Large centrifuges are used to train pilots and astronauts by simulating the high
accelerations they encounter when in flight. In the future, large centrifuges may be used
on donut-shaped spacecrafts that spin to produce an artificial gravity.

Figure 1B-2 In the future, spacecraft might use a spinning donut shape to produce

artificial gravity.

EXPLAIN
Horizontal circular motion

Uniform circular motion is the movement of an object in a circular path at constant

Uniform circular

speed. While in circular motion, the magnitude of an object’s velocity (its speed) is motion
. . . S . . the movement
not changing but the direction of the velocity is constantly changing. A change in the of an object in a

velocity vector means that there must be an acceleration and therefore a net force acting circular path at
on the object. This acceleration and net force are called the centripetal acceleration

and centripetal force respectively; they are always perpendicular to the velocity vector

and always directed towards the centre
of the circular path. The direction of the
velocity will always be tangential to the
circular path.

The centripetal force is only present if there
is an unbalanced force on the object that is
directed towards the centre of the object’s
circular path. This unbalanced force can be
provided by a single force, such as when a
satellite orbits Earth. In this case, the force
due to gravity of the satellite acts to provide
the centripetal force. The unbalanced force
can also be the vector sum of other forces,
such as when a car on a roller-coaster goes
through a loop. In this case, the centripetal
force is provided by the sum of the normal
force and the force due to gravity.

ISBN 978-1-009-25901-9

constant speed

Centripetal
acceleration
S X acceleration

directed to the
centre of the
circular path of
an object

Velocity -~

Centripetal force

! . . ) a net force
; Centripetal acceleration dlitaciael o e
and centripetal force . centre of the
> @ H circular path of
' an object
Figure 1B-3 Centripetal acceleration and force
directed towards the centre of the object’s
circular path. The velocity vector is always
perpendicular to the centripetal force.
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@ CHAPTER 1 NEWTON’S LAWS OF MOTION

In all cases, the centripetal acceleration required to maintain circular motion can be
calculated by Formula 1B-1.

Formula 1B-1 Centripetal acceleration

Where:
a_= Acceleration of the object in circular motion (m s72)
v = Velocity of the object in circular motion (ms™1)
r = Radius of the circle (m)

Using Newton’s second law, F = ma, it follows that:

Formula 1B-2 Net force on an object in circular motion

Where:
F_=Net force on the object in circular motion (N)
m = Mass of the object in circular motion (kg)
v = Velocity of the object in circular motion (ms™!)
r = Radius of the circle (m)

Horizontal circular motion of car turning a corner

A car turns a corner because the wheels that steer it turn in the direction of the curve. This
means that a component of the friction force between the tyres and the road acts towards
the centre of the circular path that the car is taking. So, this component of friction is
providing the centripetal force.

Figure 1B-4 When cars turn around a corner that is on level ground, a component
of the friction between the tyres and the road provides the centripetal force.
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Horizontal circ1211ar motion problems are the most basic circular motion problems and the

formulas a, = Y and F = ™V should be used.

r r
Worked example 1B-1 Horizontal circular motion

A 1000 kg car is travelling at a speed of 32.4 kmh~! when it goes around a roundabout
that has a radius of 3.56 m. Calculate the centripetal force required to keep the car in
circular motion.

Solution

The first step is to convert the speed from kmh! to ms~1.

L2 9.00 ms™!

3.6
Then use the centripetal force formula to solve the problem.
E= mv*
r
1000 x 9°
3.56

Check-in questions — Set 1

1 When an object is in uniform circular motion, what is the direction of the net force?

2 When an object is in uniform circular motion, what is the direction of the velocity?

3 A 1300 kg car moves in a horizontal circle that has a radius of 30 m. If the centripetal
force is 9.75 x 103N, calculate the velocity of the car.

=228 x10* N

VIDEO 1B-1

Vertical circular motion VERTICAL
When an object is moving in a vertical circle, it will &gﬁgh}\ :
always have at least two forces acting on it. These two |
forces are the force due to gravity and either a normal
force or a tension force, if the object is attached
to a string. Remember that the centripetal force is
provided by the sum of all of the forces acting on the
object in circular motion.
Vertical circular motion: an object on the end
of a string
Imagine you tie a ball to a string and swing it in a
vertical circle. Where along the circular path do you  Figure 1B-5 A fire dancer traces out
think the string will most likely break? What will vertical circles with two poi. Poi consist

) ) of two weighted objects that are swung
happen if you swing the ball too slowly? When you in circular patterns. Poi originated from
swing the ball, there are two main points of interest, the indigenous Maori people of New
the top and the bottom of the circle. At the bottom of ~Z€aland.
the circle, the tension acts towards the centre of the circle but gravity acts in the opposite
direction to the centre of the circle. At the top of the circle, both the tension of the string
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and gravity act in the same Bottom of the circle Top of the circle
direction; towards the centre of U ) 0.
the circle. ’ ’ . .

/" Force Tension™
In both of these situations, a N/ dueto l l
formula for the centripetal force gravity ¥ | ,

can be derived by adding the two : .
forces acting on the ball. Note that P

[ A [

it is helpful to denote any force r AR
Tension

that acts towards the centre of
the circle as positive and any force

- ~

Force

pomt.mg away fror.n the centre of due to -
the circle as negative. Therefore, gravity L;j
the formulas in Formula 1B—4 can

be derived Figure 1B-6 A free-body diagram showing the forces acting

on a mass that is attached to a string when it is at the
bottom and top of a vertical circle

Formula 1B-3 Centripetal force on an object on the end of a string

At the bottom of the circle:

F=T-mg
2
ﬂ=T—mg
r
At the top of the circle:
F,=T+mg
2
ﬂ=T+mg
r

Where:
F_ = Centripetal force on the object on the end of a string (N)
T = Tension in the string (N)
g =Strength of the gravitational field, 9.8 Nkg™! on the surface of Earth
m = Mass of the object on the end of a string (kg)
v = Velocity of the object on the end of a string (ms™)
r = Radius of the circle (m)

Worked example 1B-2 Vertical circular motion

A 1.27 kg ball is attached to a 0.511 m string and swung in a vertical circle.

a If the ball is swung at a constant speed of 4 ms™!, calculate the tension in the string
at the bottom of the circle.

b Calculate the speed that the ball would need to be swung so that at the top of the
circle there is no tension in the string.

Solution b T =0, therefore:
a F,.=T-mg F.=0+mg
2 2
e mv + mg my =mg
r
1.27)(4) =
_L2DAY | 97)9.8)=522 N v=yrg
0.511 = J(0511)(9.8) =224 ms™
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1B CIRCULAR MOTION 6
Why are roller-coasters teardrop shaped?

In the past, roller-coaster designers used perfectly circular loops, which required carts to
enter them at speeds that were too high, involved too much force and resulted in injuries
for riders. The teardrop shape has a much smaller radius at the top than at the bottom.
This allows roller-coaster cars to enter the loops of equal height at a much lower speed,
providing a safe, fun ride.

.
g
’

Figure 1B-7 This image shows the typical teardrop shape of modern roller-coaster design.

Vertical circular motion: a vehicle moving on a hilly road

Have you ever been in a car when driving over a bump and for a moment felt like you
have almost lifted off your seat? This feeling is a result of your normal force decreasing
and is ultimately a result of circular motion. When a car moves over a bump or through

a dip in the road, the car is moving in vertical circular motion. In both cases the car has
two forces acting on it: the force due to gravity and the normal force provided by the road.
Figure 1B—8 demonstrates that when a car moves over a bump in the road, the force due to
gravity is directed towards the centre of the circle, while the normal force is directed away
from the centre of the circle. When the car moves through a dip in the road, the force due
to gravity is directed away from the centre of the circle, while the normal force is directed
to the centre of the circle.

—-—— -

7 ~
e N
7 N
/ \
/ \
Normal force , \
1 \
1 1
| P 1
V 4 Force =« oL r K
’ due to > v Normal %
7 . Ve N\ /7
’ gravity, - \ N force .
1 s N ~ A7
] . d r \ ~ -
1 4 1
1 b 1
\ . Force due
\ ) to gravity
\ /
\ /
Y /7
~ '
~ b

S _-"

Figure 1B-8 A free-body diagram showing a car moving over a bump in the road and through a dip in EJ
the road ! ]
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From the free-body diagrams, the formulas for the centripetal force can be derived, as
shown in Formula 1B—4.

Formula 1B-4 Centripetal force on a vehicle on a hilly road

At the top of a bump in the road:

F =mg-N
2
w - mg - N
r
At the bottom of a dip in the road:
F.=N - mg
2
Y _N- mg
r

Where:
F_ = Centripetal force (N)
N = Normal force (N)
g = Strength of the gravitational field, 9.8 Nkg™! on the surface of Earth
m = Mass of the vehicle (kg)
v = Velocity of the vehicle (ms™)
r = Radius of the circle (m)

Worked example 1B-3 Car moving over a bump in the road

A 1250 kg car is travelling over a bump that has a circular radius of 15.0 m.

a If the car travels over the bump at a speed of 36 kmh~!, calculate the centripetal force
required to keep the car in circular motion.

b Calculate the speed that the car would need to go over the bump for the occupants to
experience no normal force.

¢ Once over the bump, the car continues to travel down the road at 97.2 kmh~! and
goes through a dip in the road that has a circular radius of 25.0 m. Calculate the
normal force on the car as it travels through the dip.

Solution
v=ﬁ=10ms‘1 c v=ﬁ:27ms‘1
3.6
2 2
Fc:mv my ~N-mg
r r
2
1250)(10)? _mv
- I250A0F _g 53 410N N=="—+mg

15

2
b No normal force means that N=0: = %4-

(1250)(9.8)

2
my

- =4.30 x 10°N
r
v=\lrg

= /(15)(9.8) =12.1 ms™
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Check-in questions — Set 2

1 A 2000 kg car travels over a hill that has a circular radius of 90 m.

-

7’ N
7’ N
4 N\
7 4 \
/ \
’ oA
! - \
; 9Om .- \
-
] %% 1
I /’ 1
| L4 I
1 I
\ 1
\ 1
\ /
\ 7/
N /
\ /
N 7/
) 3 s
~ 7’

- -

a Calculate the velocity that the car would need to travel so that the road provides no
normal force to the car at the top of the hill.
b If the car was travelling at 90 km h~L, what would be the normal force on the car at
the top of the hill?
2 During an air show, a 9100 kg fighter jet, travelling with a constant speed of 230 ms™,
does a circular loop as shown below.

Bottom

If the centripetal force on the fighter jet is 3.21 x 10°N as it performs the loop,
calculate the:

a radius of the loop

b force that the air applies on the jet at the top of the loop.
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A vehicle moving around a banked track

Imagine a car going around a corner at a speed of 40 km h~!; it makes the turn with no
trouble. What will happen if the same car was driving along a highway and going around
the same corner at 60 kmh™!, 80 kmh=! or even 100 km h=1? Some corners have a circular
radius that is too small given the speed that vehicles are expected to go around them. In
these cases, the corners may be banked. This means that the horizontal component of the
normal force acts to help provide the centripetal force. Without this banking, friction may
not be large enough to provide sufficient centripetal force and the car might begin to skid
off the road. Banking is used on roads, in cycling velodromes and even on some indoor
running tracks.

Figure 1B-9 Banked tracks are used in both cycling velodromes (left) and racetracks (right)

Banked track When a vehicle is moving on a banked track at just the right speed, where there is no

a track that has tendency to slide up or down the banking so no sideways friction is involved, there are two
been built with . . . .

£ D forces acting on the vehicle; the force on the vehicle due to gravity and the normal force.
el 0 et Figure 1B—-10 illustrates the free-body diagram of a vehicle moving on a banked track.

the horizontal

component of As shown in the free-body diagram in Figure 1B-10, the normal force always acts

the vehicle's

normal force can perpendicular to the surface. The normal force has also been broken up into its horizontal
contribute to the . . . . . . . .
gentilpetallforce and vertical components. As the car is not accelerating in the vertical direction, the vertical

forces must balance. This means that the vertical component of the normal force must
be equal to the magnitude of
the force due to gravity. The
horizontal component of the
normal force is directed to the
centre of the circle. It is not
balanced by any other force
and therefore is providing the
centripetal force.

As the vectors form a right-
angled triangle, the formula for
the centripetal force, Formula
1B-5, can be derived:

F =mgtan 6
. . . . 2
Figure 1B-10 A free-body diagram showing a car travelling on a banked track. The my-
, : . . =mgtan 0
horizontal component of the normal force is providing the centripetal force. r
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Formula 1B-5 Centripetal force on a vehicle on a banked track

F =mgtan 6
Where:
F_= Centripetal force (N)
m = Mass of the object in circular motion (kg)
g = Strength of the gravitational field, 9.8 Nkg™! on the surface of Earth
0 = Angle of the banked slope (°)

Formula 1B-6 Centripetal acceleration on a vehicle on a banked track

2
a. = z_ gtan6
Where: r
a, = Centripetal acceleration (m s72)
v = Velocity of the object on the banked curve (ms!)
r = Radius of the circular path (m)
g = Strength of the gravitational field, 9.8 Nkg™! on the surface of Earth
0 = Angle of the banked slope (°)

Worked example 1B-4 Banked turn

A 4500 kg truck travels on a banked track angled at 30° to the horizontal. The track has a

circular radius of 75 m.

a Explain how the banking allows the truck to maintain circular motion around the
bend without relying on the friction force.

b If the truck is travelling at 50.4 km h~!, calculate the centripetal force required to keep
the truck in circular motion.

¢ Calculate the maximum speed that the truck can go around the banked track without
relying on sideways friction between the tyres and the road surface.

Solution

a When the track is banked correctly the horizontal component of the truck’s normal
force acts to provide all of the centripetal force. This means the truck is no longer
relying on the sideways friction between the tyres and the road to remain in the
circular path of the road.

b v=&: 14 ms!
3.6

. mv®  (4500)(14)°
o 75

C v=\lrg tan @ =./(75)(9.8)tan30 =20.6 m 5"

=118 x10* N

An object on the end of a string

When the ends of a string are attached to a free object and a fixed object, the free object
can move in horizontal circular motion. Figure 1B—11 shows a string that is attached

to a ball and a fixed beam; the free ball is able to undergo uniform circular motion in a
horizontal plane.
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WORKSHEET 181 /853 There are two forces that act on the ball:

CIRCULAR MOTION L—ij the force on the ball due to gravity and the
tension force of the string attached to the
ball. As the tension force acts at an angle, it
can be broken into vertical and horizontal
components. The vertical component
must be equal and opposite to the force
due to gravity as the ball is not accelerating
vertically. The horizontal component
provides the centripetal force. Breaking
down the tension force in this way will
allow you to solve these problems.

Figure 1B-11 A free-body diagram of a ball
attached to a string that is moving in a horizontal
circle with radius, r

Worked example 1B-5 Circular motion of an object on a string

A 4.83 kg ball is attached to a fixed steel beam via a rope. The ball is spun in a horizontal
circle of radius, 7, such that the rope makes an angle of 32° with the beam. A diagram of

this situation is shown below.

a Calculate the tension in the rope.

b What is magnitude of the net force on the ball?

Solution

a First, break the tension into its component vectors. Remember the vertical
component of the tension force is equal to the force due to gravity as the ball has no
motion in the vertical, indicating the forces are balanced.

Tension

From this right-angled triangle, it is clear that:

mg  (4.83)(9.8)

sin32 sin32

b The net force, F o from the triangle above:

_mg (4.83)(9.8)=75.8N
¢ tan32 tan32
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1B SKILLS

How to derive an equation for the centripetal force for bodies in vertical

circular motion

One of the fundamental ideas of centripetal motion is that the centripetal force is a
result of other forces, it is the net force that acts on a body. In order to derive your own
equations for the centripetal force, you must first draw a diagram and consider all of
the forces acting on the body in centripetal motion. Take the situation of a cart on a
roller-coaster doing a loop, the diagram below shows all of the forces acting on the cart.

Bottom of the loop Top of the loop

Once you have drawn a diagram showing all of the forces acting on the body, you can
derive the equation for the centripetal force by adding any forces that are directed
towards the centre of the circle and subtracting any forces that point away from the
centre. This means that the equations for a cart doing a loop would be:

bottom of the loop: F, =N - F,
top of the loop: F, =N + F,

Section 1B questions

Multiple-choice questions
1 A ball is being swung anticlockwise in a vertical circle as shown in the diagram. If the

string that holds the ball breaks at the position shown, determine the direction that the
ball will travel the instant the string breaks.

OO w>
oQw»

2 A caris travelling around a horizontal circular track at a constant velocity and requires
F newtons of centripetal force. If the velocity of the car doubles, what happens to the
centripetal force required to keep the car in circular motion?

A Z

D 4F

VIDEO 1B-2
SKILLS:
CENTRIPETAL
FORCE IN
VERTICAL
CIRCULAR
MOTION
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Use the following information to answer Questions 3, 4 and 5.

A truck travels around a horizontal circular road that has a radius of 75 m at a constant
speed of 15 ms™1. A diagram of this situation is shown on a portion of the road.

D
A A
C
B
Y
Direction of acceleration
A\ (Question 4)

Observer

3 Which of the following is the magnitude of the acceleration of the truck?

A 3ms?

B 1.5ms™2

C 02ms>2

D Oms™2
4 Which direction is the closest to the direction of the acceleration of the truck?
A

OO W >

B
C
D
5 An observer standing directly behind the truck, observes
that a ball, hanging by a wire fixed to the roof of the truck,
is hanging at an angle of 6 to the vertical. What is the
angle 6?
A 73.0°
B 34.0°

C 17.0°
D 10.0°
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6 A toy truck travels on a track around a vertical loop of radius 1.6 m, as shown below.
Assume that the toy truck is a point mass.

X

Toy truck

The minimum speed at which the toy truck must be moving at point X for it to stay on
the track is closest to

A loms!

B 3.2ms™!

C 40ms!

D 16ms™t

VCAA NHT 2019
Short-answer questions

7 A 950 kg vehicle drives through a valley at a constant velocity of 79.2 kmh~L. The valley
has a circular radius of 40 m.

a On the diagram provided, draw the two main forces acting on the car, given that air
resistance is ignored.
b Calculate the magnitude of the normal force on the car at the bottom of the valley.
8 An engineer is constructing a curved road with a radius of 75 m for cars to join a
highway. The cars must be able to travel on the ramp at 72 km h~! without relying on
sideways friction to help them turn. Determine the banking angle required.
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9 A 3kghballistied toa52.1 cm string and then spun in a vertical circle.

a What is the speed that the ball has to achieve at the top of the circle so that the
string has no tension at that point?

b The string will break when the tension is greater than 100 N. What is the greatest
constant speed that the ball can be spun without the string breaking?

10 A group of students are taking turns hitting a ball that is tied to a pole. The ball has
a mass of 464 g and is attached to a 1.5 m string. On a certain strike, the ball moves
around in a horizontal circle and makes an angle of 30° to the vertical pole.

7]

a Calculate the radius of the horizontal circle.

b What is the velocity of the ball?

¢ Calculate the tension in the string.

d Calculate the magnitude of the net force on the ball.

11 Members of the public can now pay to take so-called ‘zero gravity’ flights in specially
modified jet aeroplanes that fly at an altitude of 8000 m above Earth’s surface. A typical
trajectory is shown in the diagram below. At the top of the flight, the trajectory can be
modelled as an arc of a circle.

a Calculate the radius of the arc that would give passengers a ‘zero gravity’
experience at the top of the flight if the jet is travelling at 180 m s~1.
Show your working.

b Is the force of gravity on a passenger zero at the top of the flight? Explain what ‘zero
gravity experience’ means.

VCAA 2018
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12 A 1750 kg car is moving around a circular banked track at 68.4 kmh~!. The banking
angle on the track is 24°. The car is travelling around the banked corner at exactly the
speed designed for the corner and therefore does not rely on friction forces acting up
or down the slope.

a On the diagram provided, draw all of the forces acting on the car.

b Calculate the circular radius of the banked track given that the car does not rely on
friction when travelling at 68.4 kmh~1.

¢ Explain how the car is able to move around the circular banked track without
relying on friction.
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_ Projectile motion

Study Design: Glossary:
e |nvestigate and analyse theoretically and practically the Projectile
motion of projectiles near Earth’s surface, including a
qualitative description of the effects of air resistance

Q ENGAGE

Projectile motion in golf

As golfers approach the hole, they must consider the club that they will use and how
that club will determine the motion of the ball. All golf clubs have heads that slope back
slightly from the vertical. Different golf clubs have different sloping angles of the head.

Figure 1C-1 Golf clubs have heads at different sloping angles, depending on their purpose.

The angle of the head has two important functions. First, the ball will be launched
perpendicular to the face of the club. This means that the greater the slope of the head,
the higher and shorter the ball will travel. This is important when a golfer wants to clear
an object or prevent the ball from rolling too far.

Figure 1C-2 A golfer is using a club with a head that has a large slope angle to send the ball high
and not too far. This means the ball will clear the sand bunker and will not roll too far away from

the hole.

The second important function of the head’s slope is the spin that it gives the ball. The
greater the slope on the head, the greater the spin will be on the ball. Spin on a golf ball
is essential as it provides lift and means that the flight path off the ball is less affected by
wind, making the shot more reliable.
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EXPLAIN

Projectile motion

A projectile is a body that is launched into the air and moves freely through space, close
enough to the surface of Earth so that the gravity is constant. When air resistance is
ignored, a projectile will follow a parabolic path. It is a common misconception that when a
ball is moving upwards, the force on the ball is also upward. This is not the case. Projectile
questions will give you an initial velocity of a projectile and will not consider how the
projectile reached this velocity. For example, if you throw a ball, you are accelerating the
ball when the ball is in contact with your hand; the moment the ball leaves your hand, the
only force acting on the ball is the force due to gravity, which is downwards and constant. It
is important to remember that all projectiles will have a constant downwards acceleration
due to gravity throughout their flight. Air resistance is usually ignored. However, if it is not
ignored, the air resistance force will always directly oppose the motion of the projectile.

When solving projectile motion problems, it is essential to always consider the horizontal
and vertical motions separately. When air resistance is ignored, the horizontal component
of the projectile’s velocity will always remain constant. As the projectile is always being
accelerated down by gravity, the vertical component of the projectile’s velocity will be
constantly changing.

100
R R
140 o~~~ |

Vertical distance (m)

e o Tt T
180 4-----! L
200 }

220 -~ em
240 ‘_’;’__‘_’.;: == t;_’;_j:_&‘__* iptieds ooy ";"}; e ’_.__J__\
| | | | | | I
nS_':l 0O 10 20 30 40 50 60 70
L8 Horizontal distance (m)

Figure 1C-3 A package is dropped from a helicopter moving horizontally with a speed of 10 ms™1
at a height of 241 m above the ground. As the package falls through the air, the horizontal velocity
remains constant, while the vertical velocity increases in the downward direction.

Projectile

a body that is
launched into
the air and
moves freely
through space,
close enough to
the surface of
Earth so that the
only force acting
on the body

is a constant
gravitational

force

i

WORKSHEET 1C-1
PROJECTILE
MOTION

VIDEO 1C-1
WHAT IS A
PROJECTILE?
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When answering projectile motion questions, remember the following points:

o Draw a diagram.

o Decide if the up direction will be positive or negative and stay consistent with this
decision throughout the question.

o Always treat the horizontal and vertical components of the projectile’s
velocity separately.

+ The total time can be used to find the horizontal distance travelled by d = v,¢.

o When considering the vertical motion of the projectile, remember that there is a
constant acceleration of 9.8 ms~2 downwards due to gravity.

o When calculating the final velocity of a projectile, the horizontal and vertical velocity
vectors need to be added together and a direction needs to be given.

o If you need to consider the qualitative effects of air resistance, remember that air
resistance directly opposes the projectile’s motion. So, the projectile will not reach as
high or travel as far.

Worked example 1C-1 Projectile motion of a projectile launched at an angle

A projectile launcher launches a projectile from ground level at 37 ms™1, at an angle of 33°

to the horizontal. Ignore the effects of air resistance. A diagram of this situation is shown.

37 ms1
33°

a Calculate the time of flight for the projectile, given that it returns to ground level.
b Calculate the horizontal distance travelled by the projectile.

Solution
a First, break the initial velocity vector into its initial horizontal and vertical
components:
u, =37 cos 33°
u, =37 sin 33°
The time taken for the projectile to reach its maximum height will be half of its flight

time. In addition, the vertical component of velocity at the maximum height will be
zero, therefore:

v,=u +at
VV_uV
=
a
_ 0—37sin33 — .06 s
-9.8

total flight time =2.06 x 2=4.12 s

b As there is no air resistance, the horizontal component will not change throughout
the projectile’s flight. This means the horizontal distance travelled can be found by
multiplying the total flight time by the horizontal velocity:

d=ut
=(37 cos 33)(4.12) =128 m
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Worked example 1C-2 Projectile motion of a projectile launched horizontally

off a height

A cannonball is launched from a cannon at 40 ms~! horizontally. The cannon is set up
25 m above the sea.

a Ignoring air resistance, what is the velocity of the cannonball when it hits the water?
b On a copy of the diagram above, trace a possible path that the cannonball might take
if air resistance was present.

Solution

a When the cannonball hits the water, its velocity will be the resultant of the horizontal
velocity of the ball and the vertical velocity that the ball has gained by falling.
Finding the vertical velocity of the ball:

v:=u’+2as
A% v

v =./u2 +2as
v A%

= J(0)? +2(9.8)(25) =22.1 ms"!

Now, add the horizontal and vertical velocity vectors to find the resultant:

22.14 ms1

R? =40% + 22.14?

R=+40%+22.14> =457 ms™

Now, find the angle:

22.14)

6= tan_l( =29.0°
40

Therefore, the velocity when the cannonball hits the water is 45.7 ms™! at 29.0°
below the horizontal.
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b Air resistance will apply a force on the cannonball that directly opposes its motion.
Therefore, it will be slowed and will not have travelled as far in the horizontal
direction before it hits the water.

40 msL

il

Track with air

resistance
25 m

e

VIDEO 1C-2

SKILLS: FORCE
OF GRAVITY IN 1C SKILLS

PROJECTILE

MOTION se s g q q

The force of gravity in projectile motion
Projectiles are objects that move through space with only the constant force of gravity
acting on them. In this chapter, when calculating questions about projectiles, the effects
of air resistance can be ignored. Ignoring air resistance means that the horizontal
component of the velocity will remain the same throughout the projectile’s flight
but the vertical velocity will increase in the downward direction at a rate of 9.8 ms~
every second due to the force of gravity on the object. It is important to note that the
acceleration on an object acts independently to the velocity of the object. For example,
these four projectiles have equal mass.

1

[ %

O—

P PO P

Each projectile has a different initial velocity but they are all acted upon by the same
gravitational force and therefore the acceleration on all four of these balls will be equal:
9.8 ms~2 down. When solving projectile motion questions, you must always draw a
diagram, separate the velocity into its horizonal and vertical components and remember
that the only force acting on the projectile is the downwards force of gravity. This means
the vertical velocity will change over time but the horizontal velocity will not.

Question

A cannon fired a cannonball with a velocity of 32.5 ms~! at an angle of 20° from the
horizontal on the top of a 12.7 m tall cliff. Find the horizontal distance travelled by
the cannonball before it hits the ground.
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Solution

First, draw a diagram.

- -~

325 mst "

\W%\A b N
f@ G )20°

\
12.7 m

y \

Then you need to decide which direction (in this case up or down) will be positive
down = positive

As the total time can be used to find the horizontal distance travelled by
d = v, t, then you need to find the total time.

To do this, you need to treat the horizontal and vertical components of the
projectile’s velocity separately.

v, =32.5cos 20=30.5m s~
v,=325sin20=11.1ms™"
To solve for the time, you can think of the vertical motion as occurring in two stages

The first stage is the cannonball rising in the air and reaching its maximum height and

the second stage is the cannonball dropping from its maximum height to the ground
Time to reach max height:

vv=uv+at

:wzmgs

Before you move on to finding the time it takes the ball to drop from its maximum
height, you must first find out the maximum height:

v2=u2+2as
\'4 A% Vv

_ 02— (-11.1)
(2)(9.8)
6.29 + 12.7=19.0 m

=6.29 m
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Now that you know the height when the ball’s vertical velocity is zero, you can determine
the time that it takes for the ball to reach the ground from its maximum height:

L
s, =uvt+5avt

As u =0, then:
,ZSV
f=
aV
_ @190 _, o,
9.8

total time=1.13+1.97=3.10 s

d=vt
=(30.5)(3.10) = 94.6 m

Note that there is an alternative method to get total time.
1 Treat the entire vertical motion as one. No need to treat the up and down as
separate journeys.
2 Find the vertical component of velocity as it is about to hit the ground.
v\z, = uf +2as,
=(-11.1)2 + 2(9.8)(12.7)
v, =19.29
3 Now find total time for vertical motion:
v,=u,+at
19.29 =-11.1 +9.8¢
t=3.10s

Section 1C questions

Multiple-choice questions

1 This graph shows the vertical displacement of a ball as a function of time when it is
thrown directly upwards. If air resistance is negligible, which position of the graph
represents when the ball is stationary?

A A
B B
c C =
D D =
=
@
£ Pl
[} L)
g =
7} B \
= A\
©
=
5 D
>
A
Time (s)
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2 Two students are sitting on a bridge that crosses a river and throwing stones into the
river. The first student throws a stone up with an initial speed of u. The second student
drops the stone so that it has no initial velocity. Which of the following statements is
correct? Assume air resistance is negligible.

A Both stones will hit the water at the same time.

B The stone thrown by the first student will hit the water with a greater speed than the
stone thrown by the second student.

C The stone dropped by the second student will hit the water with a greater speed than
the stone thrown by the first student.

D Itis impossible to tell because you do not know the mass of the two stones.

Use the following information to answer Questions 3 and 4.

An archer fires an arrow with an angle to the horizontal. The arrow traces a parabolic path
as shown in the diagram. Ignore air resistance.

=

3 At point A (the maximum height), which statement describes the kinetic energy of
the arrow?
A It is a maximum compared to any other point in its trajectory.
B Itis a minimum compared to any other point in its trajectory.
C Itis the same as every other point in the trajectory.
D It has half of the energy compared to when it first left the arrow.
4 Which of the following arrows represents the direction of the net force on the arrow at
point A (the maximum vertical height)?

A B c , D \

5 A small ball is rolling at constant speed along a horizontal table. It rolls off the edge of the
table and follows the parabolic path shown in the diagram below. Ignore air resistance.

Table Ball “

' Floor

Which one of the following statements about the motion of the ball as it falls is correct?
A The ball’s speed increases at a constant rate.

B The momentum of the ball is conserved.

C The acceleration of the ball is constant.

D The ball travels at constant speed.

VCAA 2019
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Short-answer questions

6 A 5.0 kg ball rolls off a table at 0.25 ms~!. The table has a height of 0.60 m.
a How long after the ball leaves the surface of the table does it strike the ground?
b How far horizontally will the ball fall from the edge of the table?

7 A ballis launched from ground level at 50 ms~! at an angle of 55° to the horizontal.
Assume air resistance is negligible.
a What is the maximum height reached by the ball?
b What is the smallest value of the speed during the ball’s flight?
¢ What is the acceleration of the ball when it reaches its maximum height?
d What is the ball’s time of flight, assuming that it lands at ground level?

8 A supply aircraft is travelling horizontally at 46.5 ms~! towards a drop zone. The aircraft
is flying at an altitude of 350 m when it releases the supply package. The package lands
in the correct place. Ignore the effects of air resistance.

465 ms1
= A
|
:
|
: 350 m
|
|
! Drop zone
: X
| RN S >

a Calculate the horizontal distance, X, that the aircraft was away from the drop zone
when it released the supply package.
b What adjustments in the distance of release of the supply package would have to be
made if air resistance was considered? Explain your response.
9 A projectile is launched from the ground at an angle of 39° and at a speed of 25m s, as
shown in the diagram below. The maximum height that the projectile reaches above the
ground is labelled /.

1

a Ignoring air resistance, show that the projectile’s time of flight from the launch to the
highest point is equal to 1.6 s. Give your answer to two significant figures. Show your
working and indicate your reasoning.

b Calculate the range, R, of the projectile. Show your working.

VCAA 2019
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10 A stunt car moves with a constant velocity, v, when it drives over a ramp that is inclined
at 18°. It takes 1.44 s for the stunt car to reach the maximum height. The ramp has a
maximum height of 3.50 m. Ignore air resistance. Note: diagram is not to scale.

v )
N 1 3.50 m
& )  18°

a Calculate the maximum height achieved by the stunt car.
b Calculate the magnitude of the initial velocity of the stunt car when it leaves the
first ramp.

11 A person throws a ball through the air. When the person releases the ball from their
hand, it is 1.5 m above the ground. The ball reaches a maximum height of 4.5 m above
the ground and lands 21 m away from the person who threw the ball. For the following
questions, assume air resistance is negligible. A diagram of the situation is shown.

- -
-

I
= E4.5m ¥
I
I
1
Y

N
—
3

a Calculate the total flight time of the ball.
b Calculate the velocity of the ball when it left the person’s hand. Your answer must
include both a magnitude and direction.

o

- -
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Chapter 1 review

Summary

Create your own set of summary notes for this chapter on paper or in a digital document. A model
summary is provided in the Teacher Resources, which can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to: Linked questions
1A.1  Apply Newton’s first law to draw free-body diagrams and determine if 3] 4[], 5[],
a net force is acting on a body 70, 81, 10017,

1100, 1207,

1307, 1400

1A.2  Apply Newton’s second law, using the formula F_ = ma to calculate 4[], 87,901,
the acceleration of a system or to calculate the force on different parts 1003, 1107,

of the system 120, 130J,

1407, 2107

1A.3  Apply Newton’s third law to identify action—reaction force pairs 61, 100J, 11,
using the convention ‘force on Aby B or F 5= "F, gy a 210

1B.1 Understand that when in uniform circular motion, the centripetal 10

force and acceleration is directed to the centre of the circle and that

the velocity is tangential to the centripetal force
2

1B.2 Apply the formula F,,, = "V anda=2 tosolve questions relating 201, 1801
r r

to a vehicle moving around a flat circular section of a road and an
object on the end of a string that is being swung in a horizontal circle

1B.3 Draw a free-body diagram of all of the forces acting on a vehicle 15[
moving around a banked track and indicate the direction of the net
force (centripetal force)

1B.4 Be able to explain that the horizontal component of the normal 22[]
force provides the centripetal force for a vehicle moving around a
frictionless banked track

1B.5 Apply the formula F_ = mg tan 6 to solve questions relating to 1500, 2200
circular motion on a smooth, banked track or road

1B.6 Be able to draw free-body diagrams of objects moving in vertical 507, 1601, 1707
circular motion and be able to identify the centripetal force

1B.7 Be able to write equations that relate the normal/tension force and 160d, 1700
the gravity force to the centripetal force and apply these equations to
solve problems of vertical circular motion

1B.8 Solve quantitative and qualitative problems relating to vertical 1607, 1701,
] . ] A 2rr 1
circular motion, including using the formulas v = = and T =— 18[]
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1C.1 Describe the flight path of a projectile within Earth’s gravitational 19[]
field and describe the effect that air resistance will have on the
projectile

1C.2  Solve projectile motion questions by considering the vertical and 1203, 140,
horizontal components of the projectile’s velocity and using the 197, 200,
equations of straight-line motion under constant acceleration using 210

the formulas:
v=u+at
v:=u?+ 2as

1 1 1
s==(u+v)t=ut+—at’* =vt——at’
2 2 2

Multiple-choice questions

1 A caris travelling at a constant speed on a horizontal circular track. When the car is at the
position show in the diagram, which arrow best represents the acceleration of the car?

o C
5
z ’\
o—
’ ( A < » D
—
A A
B B
cC
DD

2 A caris travelling around a horizontal circular track with radius, r, at a constant speed. If the car
travels around a different horizontal circular track that has a radius of 2r at the same constant
speed, then the centripetal force is:

A double what it was previously.

B half of what it was previously.

C quadruple what it was previously.

D one-quarter of what it was previously.

3 A car is travelling north at a constant velocity. What is net force acting on the car?

A The net force is north.
B The net force is south.
C The net force is down.
D There is no net force acting on the car.

4 Two balls, ball A and ball B, are dropped from the top of a building that is close to the surface of
Earth. Ball A has a mass of m, while ball B has a mass of 5m. Ignore the effects of air resistance.
Which of the following statements is correct?

A Ball B will accelerate towards Earth five times faster than ball A.
B Ball B will have five times more force on it than ball A.

C Both ball A and ball B have the same force on them.

D Ball A will accelerate towards Earth five times faster than ball B.
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5 A ball that is hanging by a string is pulled to the side and then released at an angle close to the
surface of Earth. Once the ball is released, which of the following diagrams shows all of the
forces acting on the ball?

. ? ; ? : f : ?
6 Earth revolves around the Sun. The reason for this is that the Sun exerts an attractive force
on Earth; this force acts as the centripetal force keeping Earth in orbit. Which of the following
statements is true about the force that Earth exerts on the Sun?
A The force that Earth exerts on the Sun is less than the force that the Sun exerts on Earth.
B The force that Earth exerts on the Sun is greater than the force that the Sun exerts on Earth.
C The force that Earth exerts on the Sun is equal to the force that the Sun exerts on Earth.
D Earth does not exert a force on the Sun.
7 A ball is thrown upwards. While the ball is travelling upwards, what is the net force on the ball?
Ignore the effects of air resistance.
A upwards and constant
B upwards and decreasing
C downwards and constant
D downwards and decreasing
8 A medicine ball that has a mass of 20 kg and a basketball of mass 0.5 kg are both thrown vertically
upwards at 10 ms~!. Ignoring the effects of air resistance, which of the following is true?
A The basketball is lighter, so it will hit the ground last.
B The medicine ball has more mass, so it will hit the ground last.
C Both balls will hit the ground at the same time.
D The medicine ball has more mass, so it will hit the ground first.
9 Lisa is driving a car of mass 1000 kg at 20 m s~! when she sees a dog in the middle of the road
ahead of her. She takes 0.50 s to react and then brakes to a stop with a constant braking force.

Her speed is shown in the graph below.
Lisa stops before she hits the dog.

o

— = N
1

Speed (ms-1)

S 01 O O
|

| | | | | |
05 10 15 20 25 30
Time (s)

(@)

Which one of the following is closest to the magnitude of the braking force acting on Lisa’s car
during her braking time?

A 67N
B 6.7 kN
C 8.0KkN
D 20.0 kN
VCAA 2018
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Short-answer questions

10 For each of the statements below, state whether it is true or false and justify your answer.
a When a large object collides with a small object the large object will apply a larger force on
the smaller object than the smaller object applies to the larger object. (2 marks)
b Force due to gravity and mass are the same thing. (2 marks)
¢ The only way to slow down a moving object is to apply a force that has some component
that is unbalanced in the opposite direction to the direction of the moving object’s
velocity. (2 marks)
d On Earth, a stationary object has no forces acting on it. (2 marks)
11 Two blocks, A of mass 4.0 kg and B of mass 1.0 kg, are being pushed to the right on a smooth,
frictionless surface by a 40 N force, as shown below.

40 N

a Calculate the magnitude of the force on block B by block A (F, by N
Show your working. (2 marks)
b State the magnitude and the direction of the force on block A by block B (F, by B)-
(2 marks)

VCAA 2018
12 A5 kg mass is attached to a 3.5 kg mass via a pulley system. The 5 kg mass, initially at rest, sits

on a frictionless table 1.5 m away from a 1 kg block that is at rest. The 3.5 kg mass, also at rest,
is 1.5 m away from the floor.

<----- o
1.5m
3.5 kg

A

|

|

! 1.5m

|

A\
a What is the initial acceleration of the 5 kg block? (2 marks)
b What is the speed of the 5 kg mass when it collides with the 1 kg mass? (2 marks)
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13 An engine of mass 1.40 x 10* kg pulls a carriage that has a mass of 9.00 x 103 kg. A cable
making an angle of 24.0° to the horizontal connects the engine and the carriage. The engine
and carriage system is accelerated from rest to 15.0 ms~! in three minutes. A diagram of this
situation is shown.

%-E_&—_F

9000 kg 14 000 kg
a Calculate the net force acting on the engine and carriage system. (3 marks)
b Calculate the tension in the cable. (2 marks)

14 A fire door is attached to a pulley system that is activated by excess heat. When excess heat is
detected, a 15.5 kg mass attached to the fire door is released. This pulls the 50 kg fire door
1.37 m to cover an opening. A diagram of this situation is shown.

.| .

e
1.37 m
Fire door
50 kg Opening m=15.5kg
a Calculate the acceleration of the fire door as the mass falls. (2 marks)
b Calculate the time taken before the opening is fully covered by the fire door. (2 marks)

15 A bicycle and its rider have a total mass of 100 kg and travel around a circular banked track at
a radius of 20 m and at a constant speed of 10 m s71, as shown in the diagram below. The track
is banked so that there is no sideways friction force applied by the track on the wheels.

L 10 ms™
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a Ona copy of the diagram below, draw all of the forces on the rider and the bicycle, considered
as a single object, as arrows. Draw the net resultant force as a dashed arrow
labelled F_. (2 marks)

b Calculate the correct angle of bank for there to be no sideways friction force applied by the
track on the wheels. Show your working. (2 marks)

VCAA 2017
16 A 2000 kg car travels over a hill that has a circular radius of 90 m.

7 N
, N
4 \

7 \
/ -\
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\ 1
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\ /

\ /

N 4
N 7

o T .

a Calculate the velocity that the car would need to travel so that the road provided no normal

force to the car at the top of the hill. (2 marks)
b If the car was travelling at 90 km h~!, what would be the normal force on the car at the top
of the hill? (3 marks)

¢ The car continues on the road at 90 kmh~! and encounters a dip in the road. When the car
is at the bottom of the dip in the road, the car experiences a normal force of 3.64 x 10* N.
Calculate the radius of curvature of the dip. (2 marks)
17 A ball with a mass of 100 g is attached to the end of a string and swung in a vertical circle at a
frequency of 8 Hz. Assume that the ball is travelling at a constant speed.

a At which point, A or B, is the string most likely to break? e
Justify your answer. (2 marks) ra W
b What is the period of rotation of the ball? (2 marks) ¥ %

c If the velocity of the ball is 1.75 ms™1, calculate the radius of / %

the circle. (2 marks) O ".
d Calculate the tension at point A, given a velocity of !

1.75 ms™ L (2 marks) K !
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18 A string is attached to a fixed pole at one end and a
ball at the other. The ball is swung so that it moves
in a horizontal circle with a radius of 0.3 m and
the string makes an angle of 6 to the vertical pole.
The ball completes one full horizontal circle every

0.585s.
a Calculate the velocity of the ball. (2 marks)
b Calculate the angle 6. (2 marks)

19 A golfer hits a golf ball horizontally off a cliff that
is 40 m high. The initial velocity of the golf ball
is horizontal. The golf ball accelerates down and
hits the water at a speed of 44.8 ms~!. Assume air

resistance is negligible. B

-
-

-
e
-

40 m Ty

=
/

a Calculate the initial horizontal velocity of the golf ball. (3 marks)
b Describe the flight path of the golf ball if air resistance was considered. (2 marks)
20 A room on the top floor of a building is on fire. When the firefighters arrive, they set up a

firehose with its nozzle 1 m above ground level and 11.54 m horizontally from the centre of the
window where the fire is. The water exits the hose at 30.0 ms™!. The firefighter angles the hose
at 50.0° so that the jet of water enters the top window at
a point 13 m above the level ground at the base of the

building. This situation is shown in the diagram.
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a How long does it take water leaving the nozzle to enter the window of the room that

is on fire? (2 marks)
b Calculate the magnitude of the velocity of the water as it enters the open window. (3 marks)
¢ The firefighters decide that it is safer to fight the fire from further away. Explain how

the firefighters could fight the fire from further away without changing the angle of

the hose or the speed that the water comes out of the hose. (2 marks)

21 A basketball player is trying to make the winning shot for their team. He shoots from a point

on the court that is 4.57 m away from the hoop and the hoop is 3.05 m above the ground.
When the basketball player releases the ball, the ball is 2.00 m above the ground. The ball
leaves the basketball player’s hands at a speed of 8 ms™.

S...

e/ b i
E 3.(%5 m

, 2.@)0 m

x v< --------- 457 Meecmcanaa >v

a Ifit took the ball 1.303 s to travel the horizontal distance of 4.57 m, calculate the

angle from the horizontal that the ball was launched. (3 marks)
b Calculate the maximum height above the ground that the ball reaches. (3 marks)
¢ Determine if the basketball player scored the shot. (3 marks)

d When the basketball player is standing on the ground, a 931 N force due to gravity
acts on him. If the action force is the force due to gravity on the basketball player,
then identify the reaction force and explain how it is produced. (2 marks)
22 A car is travelling around a banked curve.
a Explain how the banked curve causes centripetal acceleration, which reduces the car’s
reliance on friction between the tyres and the road. (2 marks)
b The banked curve has a radius of 180 m. The car is travelling at a constant speed
of 20 ms~L. Calculate the banking angle that will enable the car to travel around
the banked curve without relying on friction. (3 marks)
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Introduction
Energy is a fundamental idea in physics. It orchestrates all events that occur in the universe. Energy
can be kinetic energy, the energy of movement, or potential energy, energy stored in a system. Even
though energy is a foundation for everything we do, its nature can seem abstract and difficult to
understand. We know that energy can be transformed and transferred but cannot be created or
destroyed. In November 1905, Albert Einstein wrote his most famous equation, E = mc?, showing
that there is an equivalence between mass and energy.

This chapter examines how a force can do work before investigating kinetic energy and
gravitational potential energy both quantitatively and qualitatively. You will then consider the
physics of straight-line collisions between two objects and finish by developing an understanding of
Hooke’s law and elastic potential energy of springs.

Curriculum

Area of Study 1 Outcome 1
How do physicists explain motion in two dimensions?

Study Design Learning intentions — at the end of this chapter |
will be able to:

Relationships between force, energy 2A Work and energy

and mass 2A.1 Apply the formula W= Fs cos 6

e |nvestigate and apply theoretically and 2A.2 Understand that work is only achieved by a
practically the concept of work done force that is parallel to the direction of motion
by a force using: 2A.3 Understand and apply the knowledge that work
» work done = force x displacement is the area under a force-displacement graph
» work done = area under force vs 2A.4  Understand that energy is a conserved quantity

distance graph (one dimensional only) 2A.5  Apply the formulas for kinetic energy and
e Analyse transformations of energy gravitational potential energy:

between kinetic energy,
gravitational potential energy and

energy dissipated to the environment
(considered as a combination of heat, AEy = Egna = Einitial = EmVZ — Emuz
sound and deformation of material): 2A.6
» gravitational potential energy:

Eg: mgAh or from area under a force—

distance graph

1
E, = mgAh, E, = Emv2

Analyse transformations of energy between
kinetic energy and gravitational potential
energy qualitatively and quantitatively using

the formula £, ;a1 + Eg initial = Ex final + Egfina
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Study Design

Newton’s laws of motion

e |nvestigate and apply theoretically
and practically the laws of energy and
momentum conservation in isolated
systems in one dimension

Relationships between force, energy

and mass

e |nvestigate and analyse theoretically and
practically impulse in an isolated system
for collisions between objects moving in
a straight line: FAf= mAv
Analyse transformations of energy
between kinetic energy,

gravitational potential energy and

energy dissipated to the environment
(considered as a combination of heat,
sound and deformation of material):
» Kkinetic energy at low speeds:

i = %mvz; elastic and inelastic

collisions with reference to
conservation of kinetic energy

Relationships between force, energy
and mass
¢ Analyse transformations of energy
between kinetic energy, elastic potential
energy, gravitational potential energy and
energy dissipated to the environment
(considered as a combination of heat,
sound and deformation of material):
» elastic potential energy: area under
force—distance graph including
ideal springs obeying Hooke’s

Law: £, = %kx2

Learning intentions — at the end of this chapter |
will be able to:

2B
2B.1

2B.2

Momentum and impulse

Apply the formula p = mvto calculate the
momentum of bodies

Apply the law of conservation of momentum
to solve problems relating to two or more
objects colliding in a straight line when no
external forces act on those bodies

Be able to determine mathematically if a
collision is elastic or inelastic

Apply the relationship

I=Ap=mAv=mv— mu= F, Atto solve
collision-type problems

Understand that the area under a force-time
graph is the impulse

Springs

Understand that, in an ideal spring, the
gradient of a force—compression/extension
graph is the spring constant and the area
under the graph is the elastic potential energy
Understand that an ideal spring will obey
Hooke's law, and apply the formulas

F=—kxand E = %kﬁ

Analyse transformations of energy between
elastic potential energy, kinetic energy and
gravitational potential energy in a spring system
graphically, qualitatively and quantitatively
Be able to describe graphically,
quantitatively and qualitatively the energy
transformations that occur in a vertical and
horizontal oscillating spring

Understand that, in a spring system, when
the net force on a mass attached to a spring is
zero, the velocity will be at a maximum. Apply
the formula mg= kxto a body on an ideal
vertical spring system

VCE Physics Study Design extracts © VCAA; reproduced by permission.

Glossary

Momentum
Open system

Impulse
Inertia
Kinetic energy

Closed system
Equilibrium position
Gravitational potential energy
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@ CONCEPT MAP

Concept map

Work done is force x displacement, which is equivalent
to area under force—distance graph

2A Work and energy

140
120
100
Z 80
8
E 60
40
20
0
0 2 4 6 8 10
Distance (m)
Momentum is mass x velocity
Impulse is equal to change in
momentum
2B Momentum and impulse
45mst! 4.5ms?!
EEE— -
Elastic potential energy is the area
under a force-compression/extension
graph
2C Springs
1000
800

600 e

400 b
200 /

rd

Force (N)

0 0.2 0.4 0.6 0.8 1
Extension (m)

See the Interactive Textbook for an interactive version of this concept map

interlinked with all concept maps for the course.
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2A WORK AND ENERGY @

Work and energy

Study Design: Glossary:
e |nvestigate and apply theoretically and Closed system
practically the concept of work done by a Gravitational potential energy
force using: Kinetic energy
» work done = force x displacement Open system
» work done = area under force vs distance System
graph (one dimensional only) Work

¢ Analyse transformations of energy between
kinetic energy,
gravitational potential energy and energy
dissipated to the environment (considered
as a combination of heat, sound and
deformation of material):
» gravitational potential energy: Eg=mgAh

or from area under a force—distance graph

ﬁ ENGAGE

The physics of a bungee jump

Inspired by the land divers of Vanuatu who dive off towers
with vines tied to their ankles, two New Zealanders are
credited with the development of a safe bungee cord, and
the world’s first commercial bungee jumping in the 1980s

in New Zealand. The safe bungee cord needs the correct
elasticity so that the bungee jumper is not stopped abruptly.
The slower stop is required to prevent injury. When jumping
with a bungee cord, the gravitational force on the jumper will
initially cause free-fall acceleration until the cord begins to
stretch and exert an upward force on the jumper.

As the cord stretches, the upward force produced increases
with the amount of stretch in the cord. As the cord extends,
the force will eventually increase to become greater than the
downward gravitational force. Therefore, the net force on the
jumper will become upwards. This means that the jumper
will begin to slow down.

The jumper will eventually slow down to a stop; at this point
the cord is at its maximum stretch and will now begin to
contract and propel the jumper back upwards. A bungee jump

et 5 % : Yy G
Figure 2A-1 A bungee cord at full stretch at a
site in Queenstown. This was the world’s first

can also be thought of as a transformation of energy. The commercially available bungee jumping site,
jumper will start with maximum gravitational potential energy ~ opened in 1988 by the New Zealand pair that
and once they jump, their gravitational potential energy, developed the safer bungee cord.

kinetic energy and elastic potential energy will all change throughout the jump. Today, bungee jumping is
performed all over the world. Commercial bungee jumps can reach heights greater than 200 m, normally
above water, and some extreme jumpers have even jumped from hot air balloons, falling close to a kilometre.
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Work

the amount
of energy
transferred

from one object
or system to

another

Kinetic energy
the energy due
to movement

1B CIRCULAR
MOTION

@

The amount of energy transferred to or from another object or transformed to or from
another form by the action of a force is called work.

The work, W, done when a force, F, causes a displacement, s, in the direction of the force is
given by W= Fs.

If the force, F, is at an angle, 6, to the displacement s, as shown in Figure 2A-2, then the
Formula 2A-1 applies.

W= Fscos 0

Figure 2A-2 Work done, W, when a force, F, causes a displacement, s, at an angle, 6

Formula 2A-1 Work

W = Fs cos 6
Where:
W = Work (])
F = Net force (N)
s = Displacement (m)

6 = Angle that the force makes with the direction of displacement (°)

Work is a scalar quantity. The SI unit of work is the joule. One joule of work is done when
a force of magnitude of 1 newton causes a displacement of 1 metre in the same direction as
the force.

. Direction of
The work done on an object can also R - -
e e Pl AN displacement
cause a change in its kinetic energy. o ~
4 \\
’ N
Fs=AE, " Force N

Force perpendicular to / i
displacement =| ;
It is possible to apply a constant force \ ,"
on an object and not transfer any ' /
energy to the object. This occurs when AN 7
the applied force is perpendicular to S~ -

displacement. For example, as shown

in Figure 2A-3, when an object is in Figure 2A-3 When the force is perpendicular to

the direction of displacement, no work is done.

uniform circular motion, there is a net For example, when an object is in uniform circular
force on the object, but no energy is motion, no work is done on the object.
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2A WORK AND ENERGY e

being transferred to it. This is because when in uniform circular motion, the force vector is
perpendicular to the velocity vector, which means that there is no component of force that
acts in the direction of displacement. This explains why the kinetic energy of an object in
uniform circular motion does not increase.

Energy transfers, transformations and the law of conservation of energy
Energy can be transferred from one object to another or transformed from one form to
another, but it cannot be created or destroyed. However, whether energy is conserved in

a system consisting of several objects depends on if it is open or closed. In a closed system, oot
ystem

the total amount of energy will remain the same, this means that energy or mass cannot 2 aollleciien af
be transferred to the surrounding environment, therefore the total amount of energy (and glagjne(i:rﬁetrgit
mass) will remain constant. Many calculation questions in Units 3&4 Physics will occur in with each other

closed systems. The exception to this is inelastic collisions. Inelastic collisions occur in an 2Pudd?¢ar§ el
open system, where heat and sound energy are lost to the surrounding environment.

Closed system
a system that
does not allow
the transfer
of mass or
energy to the
surrounding
environment

Open system

a system that
allows the
transfer of mass
or energy to the
surrounding
environment

Figure 2A-4 Left: The 27 km long Large Hadron Collider, located on the Swiss—French border,
collides beams of protons into each other at close to the speed of light in a highly evacuated vacuum
chamber. These subatomic collisions are considered to be elastic, and the system is assumed to be a
closed one. Right: A car crash is a common inelastic collision that you will study in Unit 3 Physics.

Friction and energy

Imagine that you are pushing a box a distance of 10 m on a thick carpet that provides a lot
of friction to the movement of the box. To push this box at a constant velocity, the 50 N
that you push the box with will be equal to the 50 N friction force in the opposite direction.
The amount of work done to push the box 10 m can be calculated by:

W=Fs
=(50)(10)
=500]

However, as soon as you stop pushing the box, it will be stationary, which means the

box has zero kinetic energy. This energy has been converted into thermal energy, that is
stored in both the carpet and the box and some sound energy. The thermal energy and
sound energy is a by-product of the friction between the box and the carpet. The amount
of energy converted into other forms can be calculated using the law of conservation of
energy. Note that friction cannot be thought of as doing negative work on the box as the
carpet is not giving energy to the box.
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Worked example 2A-1 Calculating work

A person pushes a 1500 kg car a distance of 12.6 m in the direction of displacement, at a
constant velocity, with a constant force of 900 N. A constant friction force of 900 N acts
in the opposite direction.

a Calculate the work done on the car by the person.
b What is the increase in kinetic energy of the car?
¢ Determine the energy lost due to the presence of a friction force.

Solution

a W=Fscosb
=(900)(12.6) cos (0)
=900 x 12.6
~1.13 x 10%]
b Zero, the kinetic energy of the car will not increase (it is travelling at a constant
velocity).
¢ Since no energy is gained by the car, the energy lost due to the friction force must be
equal to the work done by the person, therefore 1.13 x 10*].

Worked example 2A-2 Calculating work at an angle

A child pulls a cart a distance of 250 m. The child pulls the cart via a string that
makes an angle of 31.0° to the horizontal. The string has a constant tension of 29.4 N
throughout the journey. Calculate the amount of work done.

Solution

The equation to calculate the force that is parallel to the direction of displacement is:

W =Fs cos 6
=(29.4)(250) cos 31
=6.30 x 103 ]

29.4 cos 31
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2A WORK AND ENERGY @
Force—distance graphs

Force—distance graphs are often used as they visually show the force as a function of the
distance travelled.

If a box is pushed with a constant force of 100 N for 7.00 m, it could be graphed as shown in
Figure 2A-5.

140
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40

20

0 2 4 6 8 10
Distance (m)

Figure 2A-5 A constant 100 N force being applied to push a box 7 m

Force—distance graphs are useful tools to calculate the amount of work done as the area
under the graph gives the amount of work done.

For the graph given in Figure 2A—6, the work would be calculated as follows:

work = area under the graph
=100 x 7

=700]

140
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80

Force (N)
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40

20

0 2 4 6 8 10
Distance (m)

ﬂﬁj Figure 2A-6 The area under a force—displacement graph gives the amount of work
done on an object.
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@ CHAPTER 2 FORCE, ENERGY AND MASS

A graph is also useful when the force is not constant. Figure 2A—7 shows a force on an
object that is decreasing at a constant rate as the object is pushed 4 m.

100

80

60

Force (N)

40

20

0 1 2 3 4 5
Distance (m)

Figure 2A-7 The net force displacing an object is decreasing down to zero

To calculate the amount of work done at any point, you need to calculate the area under
the graph up to that point. Therefore, the amount of work done to push the object 4 m
according to the graph in Figure 2A-7 is:
work = area under graph
=0.5x4x80
=160]

Sometimes you may be asked to draw your own graph and calculate the work done from
that graph.

Worked example 2A-3 Calculating work from a force—distance graph

A person pushes a car a distance of 300 m. The car is initially pushed with a force of

950 N, this force is then reduced at a constant rate so that when the car has been pushed
300 m, there is no net force on the car. Draw a graph of the force plotted against the
distance and calculate the amount of work done on the car by the person pushing.

Solution
1000

800 \

600 ™
400 N

200 Bars

N

Force (N)

0

0 50 100 150 200 250 300 350
Distance (m)

work = area under graph
=0.5 x 950 x 300
=1.425 x 10°
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2A WORK AND ENERGY @
Check-in questions — Set 1

1 A person is moving furniture in their house. They apply a force of 496 N parallel to the
direction of motion to move the couch at a constant velocity and move it 10 cm to the
right. A frictional force of 496 N opposes the motion.

a Calculate the amount of work done to move the couch.
b Determine the change in kinetic energy of the couch.
¢ Determine the energy lost due to the friction force.

2 A person pulls a golf cart 324 m horizontally from the tee to the green. If the person
pulls with an average force of 250 N in the direction of the handle, and the handle makes
an angle of 60° to the horizontal, calculate the amount of work done.

3 In order to test the strength of two materials, A and B, a group of students decide to see
how much work is required to compress the material by 10 mm. The students applied an
increasing force to material A, but then became tired and their force slowly reduced to
zero as they approached 10 mm of compression. For material B, the students applied a
constant force of 450 N throughout the compression.

1000

900

800 A\

700 / \
__ 600
= 1
§ 500 y \ B
%400 V.4 \

300 /

200 /

/A \

100 /

o

o 1 2 3 4 5 6 7 8 9 10
Displacement (mm)

Based on the graph, which material took more energy to compress by 10 mm?
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Gravitational
potential energy
the amount of
energy an object
has stored due
to its position in
a gravitational
field

Energy

Gravitational potential energy
When a weightlifter lifts a weight above their head, they are doing work against gravity to
raise the weight.

If a weightlifter lifts a weight that
has a mass of 160 kg from the
ground to 1.90 m above the ground,
assuming that the bar moves at

a relatively constant speed, the
amount of work done would be
calculated as follows:

W=Fs
= (mg)(Ah)
=mgAh
= (160)(9.8)(1.9) Figure 2A-8 Weightlifters do work against gravity to lift
=2979.2] their weights.

For problems that are set close to the surface of Earth, it is assumed that the strength of
Earth’s gravitational field is constant at a value of 9.8 Nkg~1. The work done to lift the
weight can be expressed in terms of the gravitational potential energy. Gravitational potential
energy is calculated using either the change in gravitational potential energy from one point
to the other or by defining a point of zero gravitational potential energy and calculating the
gravitational potential energy with reference to that point.

Formula 2A-2 Gravitational potential energy

CHAPTER 3
E,= mgAh
Where:
E, = Gravitational potential energy (])
m = Mass (kg)
g = Strength of the gravitational field, 9.8 Nkg~! on the surface of Earth
Ah = Change in height (m)
Worked example 2A-4 Gravitational potential energy
An 80 kg builder climbs a 4.6 m ladder. Calculate the change in gravitational potential
energy.
Solution
E,= mgAh
=(80)(9.8)(4.6)
=3606.4]
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2A WORK AND ENERGY @
Kinetic energy

When an object is in motion relative to another, that object has kinetic energy. The kinetic
energy of a body can be calculated using Formula 2A-3.

Formula 2A-3 Kinetic energy

Where:
E, = Kinetic energy (J)
m = Mass (kg)
v = Velocity (ms™!)

Speed is often given in terms of kilometres +3.6

per hour (kmh™!). When given avalueof .- T
speed or velocity in terms of kilometres per
hour, it is useful to first convert it to metres kmh-1 ms-1
per second. This can be done by dividing S
the kmh~! value by 3.6, which means that ...~
converting from ms~! to kmh~! is done by % 3.6

multiplying the ms™ value by 3.6. Most Figure 2A-9 The conversion factor between

highways have a speed limit of 100 kmh=!,  Kilometres per hour and metres per second is 3.6.
which is just over 27.7 ms~L.

Worked example 2A-5 Kinetic energy

If a tennis ball that has a mass of 58 g is travelling at a speed of 27 ms™!, what is the
kinetic energy of the tennis ball?

Solution

1
E, = —mv>
)

=% x 0.058 x 272

=21.1]

To alter the speed of the tennis ball in Worked example 2A-5, work would have to be
done on the tennis ball. When work is done on a point-like object and no other forces are
present, the work will change the kinetic energy of the object. This can be proven as:

v:=u?+ 2as

W = Fs (when 6 =0°)

[Vz_uzj
=ma
2a

1 1
=AE, = —mv’ ——mu’
2 2
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Worked example 2A-6 Change in kinetic energy

A cyclist is travelling along a flat road at 63 kmh~!. The cyclist applies the brakes,
slowing down to a speed of 54 kmh~!. What is the decrease in the kinetic energy of the
bicycle, given that the cyclist and the bicycle have a combined mass of 93.2 kg?

Solution

First, convert the speed into SI units.

_54_ _63

v 15ms , u=—=17.5ms™
3.6

W = AE,
1

=—mv’ ——mu’
2 2

= %(93.2)(15)2 —%(93.2)(17.5)2
=-3.79 x 10%]

Note that the negative sign indicates that the energy was lost from the bicycle and given
to the surrounding environment as heat and sound.

The kinetic energy—velocity graph is not linear but quadratic. It will take much more energy
to change the velocity of an object by 1 ms™! if the object’s initial speed is greater. For
example, changing the velocity of a 2 kg object from 0 ms™! to 1 ms™! takes 1 ] of energy.
But changing the velocity of a 2 kg object from 3 ms™! to 4 ms™! takes 7 ] of energy.

20

18 /

16

14

12 /
10

Kinetic energy (J)

0 1 2 3 4 5
Velocity (m s~1)
EET] Figure 2A-10 The kinetic energy—velocity graph of a 2 kg object. It takes far less energy to change
]

the velocity of an object from O ms™! to 1 ms™! than it does to change the velocity of the same
object from 3 ms1to 4 msL.
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Check-in questions — Set 2

1 When a diver climbs from ground level to the top of the 10 m diving board, their
gravitational potential energy increases by 5.68 x 10? J. What is the mass of the diver?

2 Calculate the kinetic energy of a 465 kg motorbike travelling with a velocity of 117 kmh~L.

3 When a 70 kg runner runs at a speed of 4 ms~1, they have kinetic energy of 560 J. If the
runner doubled their kinetic energy to 1120 J, what is their new speed?

Gravitational potential energy, kinetic energy and the law yIDED Zh1
of conservation of energy @ KINETIC ENERGY
TRANSFORMATIONS

Often you will be asked to solve problems that involve energy transformations between
gravitational potential energy and kinetic energy. To visualise the conservation of energy,
imagine a ball starting from point A on the ramp in Figure 2A-11.

A D

Tl

Taking ground level as the point of zero gravitational potential energy, then at point A WORKSHEET 2A-1
the ball has no kinetic energy but maximum gravitational potential energy. As the ball a WORK AND ENERGY
rolls down the ramp, the gravitational potential energy is transformed into kinetic energy.

Point B is the point defined as having zero gravitational potential energy, the gravitational

potential energy from point A has all been transformed into kinetic energy. Once

passing point B, the ball begins to rise up the ramp, transforming its kinetic energy into

gravitational potential energy. At point C, halfway up the ramp, the ball has half of the total

energy as stored gravitational potential energy and the other half is kinetic energy. If there

is no friction or air resistance, there will be no energy lost, so the ball will reach point D,

which is equal in height to point A. At point D, the ball will have transformed all of the

remaining kinetic energy into gravitational potential energy.

Figure 2A-11 A ball starts at point A on the ramp with no initial speed.

Figure 2A-12 As the skier moves down the mountain, gravitational potential energy is being
converted into kinetic energy.
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@ CHAPTER 2 FORCE, ENERGY AND MASS

If the system is closed, then in any situation where gravitational potential energy and kinetic
energy are being transformed, the following equation holds true:

Eyinitia T E E\ fnat + Eg fina

g initial —

—mv? +mgAh, =—mv; +mgAh;

Worked example 2A-7 Energy transformations

N | =
N | =

A swimmer is standing on top of a 10 m diving platform before stepping off. Calculate
the velocity of the swimmer when they hit the surface of the water. Assume that the
swimmer hits the water with their feet first and ignore the effects of air resistance.

Solution

In this question, all the gravitational potential energy has been transformed into kinetic
energy. Therefore:

1 1
Emvi2 +mgAh, = Emvf +mgAh,

%nﬂ/f +gAh, = %mvf + g Al

1

5(0)2 +(9.8)(10)= %sz +(9.8)(0)
v=14ms™!

Worked example 2A-8 Energy transformation down a slope

A snowboarder is travelling down a slope. The snowboarder moves past point A, 50 m
above ground level, at 1.20 ms~L. Calculate the velocity of the snowboarder at point B,
13.6 m above the ground. Assume friction and air resistance are negligible.

Solution

A

A

E50 m

:! B

3 _ ,i136m

%mv? +mgAh, = %mvf +mgAh;

% mv} + mgAh, = % mv; +mgAhy

1 1
5(1'2)2 +(9.8)(50) = vi +(9:8)(13.6)
v=26.7 ms!
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2A WORK AND ENERGY a
VIDEOD 2A-2
SKILLS: HOW
2A SKILLS VARIABLES

RELATE
Understanding how variables relate to each other
When looking at a formula, it is a useful skill to be able to quickly determine how the

variables in the formula relate to each other. For example, consider the formula for
gravitational potential energy:

E,= mgAh

In this formula, the gravitational potential energy would be directly proportional to the
mass, gravity and change in height.

When one variable is directly proportional to another, then as one variable

becomes larger or smaller the linked variable also becomes larger or smaller. Direct
proportionality can be represented using the symbol <. For example, as an object’s
position increases in height, the gravitational potential energy also increases: B Ah.

But what about when the variables have powers or are the denominator in an equation?
For example, consider the formula for centripetal force:
2
my
E =

©

r

The centripetal force is directly proportional to:
o the mass, F e<m
o the velocity squared, F L o< V2

. . . 1
« one over the radius (i.e. the inverse of the radius), F, oc —
r

The radius, r, is on the denominator and therefore the centripetal force is directly
. o1 . . .
proportional to one over the radius, —, or inversely proportional to the radius, . When
r

one variable is inversely proportional to another, then as one variable increases, the
other decreases.

Understanding proportionality can help to determine how an increase in one variable
will affect the other variables. For example, if variable A is directly proportional to
variable B, then variable A divided by variable B will equal a constant (assuming that the
other variables in the equation are unchanged):

k=4
B

Returning to the centripetal force formula above, it can be said that:

E
k=%
V2

If variable Y was inversely proportional to variable Z, then Y times Z would be equal to
a constant:

k=YZ
In the case of the centripetal force formula above, it can be seen that:
k=Fr

Using these proportionality equations can help to solve problems like that on the
following page.
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e CHAPTER 2 FORCE, ENERGY AND MASS

Question

A car turns a corner in a circular path, travelling at a constant speed of v. If the car was
to turn the same corner with a speed of 2v, by what factor will the centripetal force
increase?

A

B
c
D

B NN

Solution
The correct option is C:

W E _ xF _xE, _aE
2 2 2.2 2
v Qv 2%v 4w

Therefore, x = 4, so the kinetic energy will increase by a factor of 4.

Section 2A questions

Multiple-choice questions

1 A ballis rolled down a ramp, as shown in the diagram below. Which position represents
the position of greatest kinetic energy?

O W >
aw >

DD
2 A child slides down a 2 m long slide. The force moving the child down the slide is 300 N
and the frictional force provided by the slide is 50 N. The amount of work given to the
child to change her speed is
A 600]
B 500]
C 300]
D 250]
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Which one of the following is closest to the change in gravitational potential energy
when a 10 kg mass falls from 2.0 m above Mars’s surface to Mars’s surface?

A 37]
B 7.4]
C 37]
D 74]

3 The gravitational field strength at the surface of Mars is 3.7 N kg1

VCAA NHT 2019

4 If the velocity of an object increases from a velocity of v to a velocity of 5v, the kinetic
energy will be
A 5 times greater.
B 15 times greater.
C 25 times greater.
D 125 times greater.

5 A 1130 kg car is travelling at a speed of 99 kmh~! on a highway. The driver sees roadworks
ahead and slows to a velocity of 45 kmh~!. Calculate the change in kinetic energy of the car.
A 8475]
B 30.5k]
C 339k
D 4393Kk]

6 A roller-coaster cart starts 90 m above the ground and then drops to ground level before

completing a loop that is 70 m tall. When at the edge of the drop off, at point A, the

roller-coaster cart has a velocity of 2 ms™.

XXX

OOXX

XX

A

XXX

X000

V4

90 m

A

XOXXXX

5

X

)

The speed at the top of the loop, point B, is
A 185ms!
B 199 ms™!
C 42.0ms™!
D 392 ms!

Short-answer questions

7 A person pushes a couch a distance of 50.0 cm with a constant force of 350 N. Calculate
the amount of work done to move the couch, assuming that the force applied is parallel to
the direction of movement.
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@ CHAPTER 2 FORCE, ENERGY AND MASS

8 A factory worker is pushing a machine suspended from an overhead track with a force
of 240 N at an angle of 27.0° from the horizontal. Calculate the amount of work done
to move the box 400 m.

©,.0
(. ® Qeocnonne ]

9 Ifacar crashes at a certain speed, it can be equivalent to the same car falling from
a certain height. For example, if a car crashes when it is travelling at 40 km h-1, it
is equivalent to the same car falling from a height of 6.30 m. For the speeds below,
calculate an equivalent height that the car is falling from.

a 60kmh!
b 80kmh!
¢ 100 kmh™!

10 On a copy of the set of axes below, sketch a graph of the force due to gravity as a
function of vertical displacement as a 1 kg ball is dropped from a 10 m tall building.
Assume the ball does not bounce when it hits the ground and that the effect of air
resistance is negligible.

A
10
5
=
2 0 - Distance (m)
S 2 4 6 8 10
)
-10
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2A WORK AND ENERGY e

11 A rock of mass 2.0 kg is thrown horizontally from the top of a vertical cliff 20 m high
with an initial speed of 25 m s71, as shown in the diagram below.

T » U=25ms1
I S<
| \\\
20m \\ /Trajectory
l \
| \
Y \
Base of cliff

V)

Calculate the time taken for the rock to reach the sea. Show your working.
b Calculate the horizontal distance from the base of the cliff to the point where the
rock reaches the sea. Show your working.
¢ Calculate the kinetic energy of the rock as it reaches the surface of the sea.
Show your working.
VCAA NHT 2018
12 A factory worker is pushing an empty trolley with a force of 50 N while walking down
the warehouse. The worker walks 20 m down the aisle before stopping and loading an
item onto the trolley. The worker then pushes with a force of 150 N for another 30 m
before stopping and loading another item onto the trolley. The worker then pushes
with a force of 300 N to the end of the aisle, 50 m away.
a Draw a force—displacement graph of the worker’s interaction with the trolley.
b Calculate the work done by the worker in their 100 m journey.
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Momentum and impulse

Study Design: Glossary:

e |nvestigate and apply theoretically and practically the Impulse
laws of energy and momentum conservation in isolated Inertia
systems in one dimension Momentum

e |nvestigate and analyse theoretically and practically
impulse in an isolated system for collisions between
objects moving in a straight line: FAt= mAv

e Analyse transformations of energy between kinetic energy,

, gravitational potential energy and
energy dissipated to the environment (considered as a
combination of heat, sound and deformation of material):

» Kkinetic energy at low speeds: E, = %mvz; elastic and

inelastic collisions with reference to conservation of
kinetic energy

Q ENGAGE

‘Ah, Houston, we’ve had a problem’

Apollo 13, destined for the Moon, encountered a major problem when, during a
routine oxygen stir, a suspected electrical short caused an explosion of an oxygen

tank that disabled the service module (the third stage of the launch rocket). At that
moment, any hope of landing on the Moon was abandoned and all of the efforts were
focused on getting the astronauts back to Earth safely. All three astronauts were forced
to take shelter in the lunar module (LM), which was only intended to support two
people for two days. Since the main engine was on the service module, it was too risky
to use as it may have caused another explosion, instantly killing all of the astronauts.
The team at mission control

e gy | APOLLO 13 [0 o
solution. They would modify VOYAG E

FIRES 2ND
their course to a free-return
APOLLO 3RD STAGE
MOONBOUND

trajectory, using the lunar
module engine. The Moon is
moving at a significant speed
around Earth; if the spacecraft
approached the Moon close
enough, the gravitational force

k\ LUNAR MODULE JETTISONS SERVICE MODUI.E
on the spacecraft by the Moon f ey REENTRY
would be sufficient to provide ﬁ e m
. i AN S /4
the roughly circular motion VRS s J 7 ®
around it and also increase EETR

the speed of the spacecraft Figure 2B-1 The plan to use a gravitational slingshot

as it travels with the Moon. manoeuvre to return the astronauts of Apollo 13 back
This manoeuvre is termed safely to Earth

a ‘gravitational slingshot’ and it works by transferring some of the Moon’s orbital
momentum to the spacecraft.
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Using the gravitational slingshot, Apollo 13 was able to successfully return to Earth.

Figure 2B-2 The astronauts of Apollo 13 landed safely in the Pacific ocean.

As humanity contiunes to venture out into space, gravitational slingshots will become
common practice. This is because they are an excellent way to gain an additional speed
boost, change course and slow a spacecraft down (when done in the opposite direction).

VIDEO 281
EXPLAIN @ MOMENTUM
Momentum AND IMPULSE

Momentum is an object’s mass times by its velocity. Momentum
the product of

an object’_s mass
Formula 2B-1 Momentum and velocity

p=my

Where:
p = Momentum (kgms™™)
m = Mass (kg)
v = Velocity (ms™)

Momentum is a vector quantity and as such it must have both magnitude and direction.
The direction of the momentum vector and velocity vector will always be the same.
Therefore, momentum can only be changed when a net force is applied.

Worked example 2B-1 Calculating momentum ®

Calculate the momentum of a 2450 kg car driving at 81 kmh! north.
Solution

First, convert units into SI units.
81

— =225ms!
3.6
p=my
= (2450)(22.5)
=5.51 x 10* kgms~! north
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Momentum is always conserved when two or more objects collide and there is no net
external force acting on the objects.

Formula 2B-2 Conservation of momentum

Zp before — Zp after
mlul aF m2u2 TP 000 = mlvl P m2V2 TP 000

Where:
m,= Mass of the first object (kg)
m,= Mass of the second object (kg)
u, = Initial velocity of the first object (ms™)
u, = Initial velocity of the second object (ms™)
v, = Final velocity of the first object (ms™)
v, = Final velocity of the second object (ms™!)

For one-dimensional collisions, it is important to use a positive and negative sign to
indicate the direction of straight-line motion. If a diagram is not given, it is advisable to
draw your own.

Worked example 2B-2 Collision problem

In a physical education class, two students, Mark and Max, hold an inflatable fit ball to
their chest and run towards each other at full pace. Mark, who is 86 kg, is running with
a velocity of 4.35 ms™! north. Max, who is 62 kg, is running with a velocity of 5.55 ms™!
south. After the collision, Mark has a velocity of 3.64 ms~! south. Calculate the velocity
of Max after the collision. Assume that there is no external horizontal force by ground
on the two people during the collision.

Mark Max
m, = 86 kg m, = 62 kg
u, =4.35ms? u, =5.55 ms*!

Solution

Draw a diagram of what you think will happen after the collision.
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Mark

m, = 86 kg

v, =3.64 ms*
-

N\

Let north be positive.
MUy + My, = MV, + M,V
(86)(4.35) + (62)(-5.55) = (86)(~3.64) + (62)v,
v,=553ms™!

The positive velocity indicates that Max is moving north.

In some cases, two or more objects may collide and then combine and move as one. The
resulting object will have a mass that is equal to the combined mass of the two colliding
objects. This can be expressed mathematically as:

I’l’lll/t1 + m2u2 + .= 7’1/131/3

where, My =1, + M.

Worked example 2B-3 Sticky collisions

A 200 g toy train is moving with a velocity of 1.22 ms~! south when a child throws a
150 g piece of plasticine south at it. The plasticine travels with a velocity of 2.45 ms~
south and when it hits the toy train, the two objects combine and move as one. Calculate

1

the velocity of the plasticine and train combination after the collision.

S Plasticine Toy train
D m, = 0.150 kg m, = 0.20 kg
v, =2.45 ms! v,=1.22 ms’
>0 —

Solution
Draw a diagram of what you think will happen after the collision.

Plasticine and toy train system

m, = 0.350 kg
v, = 2?mst
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First, convert units into SI units.
m, =0.20 kg, m, = 0.150 kg
M, + MU, = myV,
Let south be positive.
(0.2)(1.22) + (0.15)(2.45) = (0.2 + 0.15)v,
v,=175ms™!

The positive velocity indicates the direction: south.

In other cases, a single object may break apart into two or more other objects in what is
known as an explosive collision. In this case, the law of conservation of momentum still
applies. This can be expressed mathematically as:

m.u

U =myv, + msvg + ...

Where, M=, + Mg+

Worked example 2B-4 Explosive collisions

Shen is riding a bicycle west at 18 kmh~!, when he throws a 500 g Australian rules
football with a velocity of 36 kmh~! west. Calculate the final velocity of Shen, given that
he and the bicycle have a combined mass of 59 kg.

Solution

First, convert units into SI units.

1

Take west to be positive.

Wllbll = m2v2 + m3v3

(59 + 0.500)(5) = (10)(0.500) + (59) v,

v, =4.96 ms~! west

1A NEWTON'S Inertia

LAKS It is important to note that momentum and inertia are two different concepts. An object
that is stationary has no momentum, but it has inertia. Inertia is linked to Newton’s first law
of motion and is defined as a body’s tendency to resist a change in its state of motion (this

Inertia

a body's ability could be stationary or moving at a constant velocity) when acted upon by a net force. The
E%;?;'Ztiﬁ its inertia of an object depends only on the mass; the greater the mass the greater the inertia.
state of motion. For example, an 80 kg person travelling at 0.175 ms~! would have the same momentum as a
Inertia is

0.02 kg bullet travelling at 700 ms~%, but the inertia of the person is much greater.

dependent only
upon the mass
of the body.
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Check-in questions — Set 1

1 A male African elephant that has a mass of 6400 kg is walking with a velocity of 2 ms~!
north. What is the magnitude and direction of the elephant’s momentum?
2 On an ice hockey rink, a keen physics student observes that there are many collisions.

a In one collision, two hockey pucks of equal mass collide head on, each with a speed
of 7.25 ms~L. One of the hockey pucks moves away with a velocity of 3.99 ms™! south
after the collision. Calculate the magnitude and direction of the velocity of the other
hockey puck after the collision.

b In another collision, an 85.7 kg hockey player, who is initially at rest, hits the
stationary 154 g hockey puck. The hockey puck moves north with a velocity of 22.5
ms~! north after the collision. Calculate the magnitude and direction of the velocity
of the hockey player after the collision.

¢ Later on the ice hockey rink, the 85.7 kg hockey player is travelling 8.45 ms~! south
when they collide with a 93.4 kg player, who is travelling at 4.22 ms~! north. After the
collision, the two players move as one. Calculate the magnitude and direction of the
velocity of the hockey players after the collision.

Change in momentum and impulse

When an object changes its velocity, its momentum also changes. An increase in velocity
means an increase in momentum, a decrease in velocity means a decrease in momentum.
This change in momentum can be expressed mathematically, as shown in Formula 2B-3.

Formula 2B-3 Change in momentum

Ap =mv — mu
Where:
Ap = Change in momentum (kgms~! or Ns)
m = Mass (kg)
v = Final velocity (ms™1)
u = Initial velocity (ms™)

The change in momentum is a vector quantity and therefore always needs a magnitude
and direction.

Worked example 2B-5 Calculating change in momentum

An archer fires a 32.0 g arrow at a stationary target. The arrow travels at 79.0 ms~! east
towards the target. When the arrow hits the target, it takes 0.1 ms to stop. Calculate the
change in momentum of the arrow when it hits the target.

Solution
First, convert units to SI units.
m =0.032 kg
Let the direction east be positive.
Ap=mv — mu
=0.032 x 0 - 0.032 x 79.0
=-2.53kgms!

The negative sign indicates the direction of the change in momentum: west.
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Remember the only way to change an object’s velocity (and therefore its momentum) is to
apply a net force on the object. If you want to determine the average force during the time
that the force is applied, you can use the following formula:

E,=ma
_ mAv
Y,
Therefore, replace mAv with Ap:
_Ap
av A_t
Ap=F, At

Impulse This means that change in momentum can also be referred to as impulse, I. Impulse is
the change in a vector quantity; it requires both a magnitude and direction. Impulse has units of N's

momentum of an . . . .
e Gl and is equivalent to the change in momentum. Therefore, impulse can be expressed

by a force acting mathematically as shown in Formula 2B—4.

for a certain
Formula 2B-4 Impulse

amount of time
I=F At=Ap=mv— mu

Where:
I = Impulse (kgms~ or N's)
F,, = Average force applied (N)
At = Time that the force is applied (s)
Ap = Change in momentum (kgms~ or Ns)
m = Mass (kg)
v = Final velocity (ms™!)
u = Initial velocity (ms!)

Worked example 2B-6 Impulse

A driver is travelling in a car at 54 kmh~! north, when they slow to 9 kmh~! to drive over
a speed bump. The driver takes 3.45 s to brake and the car and its contents have a mass
of 1650 kg.

a Calculate the change in momentum of the car.
b Calculate the average force on the car as it slowed down. Include a direction in
your answer.

Solution

a Convert all units into SI units.
U= 5—4 =15ms™,v= i =25ms "
3.6
Let the direction north be positive.
Ap=mv — mu
= (1650)(2.5) — (1650)(15)
=-2.06 x 10* kgms~!

The negative sign indicates the direction: south.
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b Ap=I=FAt

_ —2.06x10*
v 3.45
=-598 x 103 N's

The negative sign indicates the direction: south.

Elastic and inelastic collisions

Collisions may be elastic or inelastic. Elastic collisions occur between all gas molecules.
However, perfectly elastic collisions are quite rare for larger objects, as often some of the
energy is converted into heat, sound and deformation of the material. If a collision is 100%
inelastic, then all of the energy is converted into heat, sound and deformation of the material,
and the two colliding objects will be stationary after the collision. To determine if a collision
is elastic or inelastic, the total kinetic energy of all of the objects involved in the collision must
be calculated before and after the collision. If the total kinetic energy before and after the
collision is equal, then it is an elastic collision. If the total kinetic energy before the collision
is greater than the total kinetic energy after the collision, then it is an inelastic collision.

Worked example 2B-7 Inelastic collisions

Two carts on a track, each with a mass of 0.150 kg, collide head on with each other
at 4.5 ms~!. After the collision, the carts move away from each other at 1.25 ms~!.

A diagram of this situation is shown below.

Before:
45 ms! 45 ms!

—_— e -

After:

a Show that the momentum of the carts is conserved.
b Show that this collision is inelastic.

Solution
a Let movement to the right be positive.
>, momentum before = (4.5)(0.15) + (-4.5)(0.15) =0
Y. momentum after = (1.25)(0.15) + (-1.25)(0.15) =0
Since Y, momentum before = Y, momentum after, momentum is conserved.

b Note that while momentum is a vector quantity, kinetic energy is a scalar and so
there are no negatives.

S, ptore = %(0.15)(4.5)2 +%(0.15)(4.5)2 =3.04]

%(0.15)(1.25)2 +% (0.15)(1.25)" =0.234]
Since 2 E, | ¢ .. > 2 E 4. this collision is not elastic.

Z Ek after —
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Graphing the change in momentum (impulse)
The area under a force—time graph is the impulse. This can be proven as the area
under any section of a graph is the product of the average y-value and the x-value.
Since the value on the y-axis is the force and the value on the x-axis is the time, the
area under the graph is the product of the average force and the time, which is equal to

the impulse.

Worked example 2B-8 Calculating impulse from a force-time graph

A box is pushed with a force of 75 N for
15 s as shown in the graph on the right.
Calculate the magnitude of the impulse

given to the box in this time.
Solution

The impulse would be calculated by
finding the area under the graph:

I=75x%x15
=1.13 x 103 Ns

Force (N)

100

50

5 10 15
Time (s)

If the force applied to an object is increasing or decreasing at a constant rate, then a
diagonal line will be produced on a force—time graph. The line will have a constant, not
zero, gradient. The area under the graph, the impulse, can be calculated using the formula

for the area of triangle.

Worked example 2B-9 Calculating impulse from a force-time graph when

the force is changing

A car is accelerated by an initial force

of 35 kN, the force then decreases at a
constant rate to zero over 8 s. Calculate
the magnitude of the impulse given to the

car by the engine.

Solution

First, convert all units into SI units.
F=35x10>°N

I = area under the graph = %bh

I (W
—2(8)(35 10°)

=1.40 x 10° N's

Force (kN)

40

30

20

10

Time (s)

In some cases, it may be appropriate to use several shapes to calculate the area under

the graph.
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Worked example 2B-10 Calculating impulse from a more complex

force-time graph

A person pushes a 30 kg sled through the snow. A force—time graph of the situation is
shown in the diagram below. Calculate the magnitude of the change in momentum given
to the sled in the 20 s journey. Assume friction is negligible.

30

25 /
/

N
(@]

Force (N)
o

—
o O
\

0 2 4 6 8 10 12 14 16 18 20
Time (s)

Solution
First, recall that impulse is equal to the change in momentum.

To calculate the area under the graph, and therefore the impulse, the graph needs to be
broken up into a rectangle and a triangle.

I = area under the graph
= @(275) + (16)27.5)

=495 N's

The area of a trapezium can be helpful in finding the impulse when a force is applied
that gradually reduces or increases. The area of a trapezium could be used in this case.

%(20 +16)(27.5) = 495 N
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Worked example 2B-11 Calculating impulse from a force-time graph with

different units

Dog sledding is sometimes used in snowy areas 5

as a relatively fast and novel way of moving 4

around the snow. In dog sledding, several \\\

dogs are attached to a sleigh via a harness. Z3 E——
The sleigh carries the passenger and glides E

through the snow. As the dogs pull the sleigh S 2

through the snow, they will often get tired. A

force—time graph of a 30-minute dog sleigh 1

journey is shown to the right. Calculate the 0

magnitude of the impulse that the dogs have 0O 5 10 15 20 25 30
given to the sleigh in the 30-minute journey. Time (min)

Solution
First, convert the units into SI units.

F, 4 =4000 N, F, _ =3000 N, £ =30 x 60 = 1800 s

initial
I = area of a trapezium

_ 4000 + 3000 « 1800

=6.30x 10°N's

R
IMPULSE

1 A ball that has a mass of 0.344 kg is thrown south with a velocity of 8.11 ms™! against a
brick wall. The ball collides with the wall and then rebounds with a velocity of 6.26 ms™!
north. Calculate the magnitude and direction of the change in momentum of the ball.

2 A person pushes a car that has broken down with an average force of 500 N east for one
minute. The impulse given to the person by the car is
A 500 N's east
B 30000 N's east

C 500 N's west 100 A

D 30000 N's west /\
3 Two cars, A and B, are crashed at the 30

same speed and orientation, head-on / \

into a wall. The cars differ only in the

design of how the front of their car

60
[ \A
crumples during a head-on collision. 40 \
The results of the crash tests showing / /\ \
/

Force (kN)

the force applied to each car are 20 N

shown on the graph on the right. _V

a Calculate the magnitude of the 0
change in momentum of the crash 0 0.05 0.1 0.15 0.2
of car A Time (s)

b Does car A or car B have the most effective crumple zone? Justify your answer.

4 Two bumper cars of equal mass collide head-on. The bumper cars are both travelling at
4 ms~! before the collision and rebound in opposite directions travelling at 3.75 ms~!
after the collision. Is this collision elastic or inelastic? Explain your answer.
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2B SKILLS

Equating change in momentum and impulse
The equivalent equations for impulse and change in momentum are shown below:

I=F At=Ap=mv— mu

Knowing that impulse and momentum are equal to each other can help you to find the
average force, time, mass, final velocity or initial velocity of an object in a collision. It
is important to recall the units for impulse, N's, and change in momentum, kgms~1,

and realise that these two units are interchangeable. It is also useful to recall that the
impulse, and therefore the change in momentum, can be calculated from the area under

a force—time graph.

Question
A group of scientists are testing a new 54
material for a super high bounce ball.
The ball has a mass of 10 g and is fired 4
horizontally north into a wall at 17.5 ms™1.
The scientists place a detector on the = 3
wall to measure the amount of force on E
the ball as a function of time when itisin S 24
contact with the detector. A graph of the
scientists’ results is shown on the right. 1
a Calculate the magnitude of the average
force on the ball. OT—T—T T T T 1T 1 1T 11
0123456738910
b Calculate the final velocity of the ball Time (x 102 s)
after the collision.
Solution
a The average force can be determined b The velocity of the ball can be
by re-arranging the formula / = F, At. determined by equating the impulse
Before the average force can be with the change in momentum. Take
calculated, you first must calculate the south to be positive.
impulse by calculating the area under I=Ap=my-mu
the force—time graph.
I=(0.5)(10 x 1072)(5) o d
m
023N _ 0.25+(0.01)(-17.5)
r =1L ) 0.01
w =7
=7.5ms™!
025
T 10x102 The positive answer indicates the
direction: south.
=250N
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Section 2B questions

Multiple-choice questions

1 What is the momentum of a 75 kg runner who is running at 21.6 kmh=1?
A 5832 kgms™! C 450 kgms™
B 1630 kgms! D 315kgms!

Use the following information to answer Questions 2 and 3.

Block A has a mass of 5 kg and is moving 4 ms-1
towards block B, that has a mass of 2.8 kg. -
Block A moves horizontally towards the
stationary block B with a velocity of A
4 ms~! to the right. Once the blocks 5 kg B
collide, they move as one to the right. 2.8 kg

2 What is the magnitude of the final velocity
when both block A and B travel together? Before the collision
A 7.14ms™!
B 2.74ms™!
C 256 ms™!
D 0.90 ms™t
3 What is the impulse on block A by block B?
A 7.2 Ns to the right
B 7.2 Ns to the left
C 7.6 Ns to the right
D 7.6 N's to the left Before the collision
4 A railway wagon X of mass 10 tonnes,
moving at 6.0 m s~1, collides with a 10 tonnes 5.0 tonnes

stationary railway wagon Y of mass
6.0 ms!

A
5.0 tonnes. After the collision the wagons -
are joined together and move off as one. :m M
The situation is shown on the right. Stationary
The final speed of the joined railway After the collision
wagons after the collision is closest to y
A 20ms! L
B 30ms! — N
C 40ms!
D 6.0ms!

VCAA 2018

5 A swimmer is completing a 100 m 400
swim. The force—time graph on the
right shows the force applied by the 300
swimmer to the water throughout
the race.
The impulse that the swimmer gives

to the water is 100 \
A 750 x 10*Ns

B 3.46 x 10*Ns 0

C 225x10*Ns 0O 10 20 30 40 50 60 70
D 2.10x 10*Ns Time (s)

Force (N)
N
o
(@]
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6 A team of engineers are modifying the
crumple zone on the front of a new car to
make it safer. Initial testing was conducted
with no improvements made to the crumple
zone, and the force—time graph shown on
the right was produced.

The engineers then crashed the car that
had the improved crumple zone design into
the wall. All other crash variables from the
initial test, including the speed and mass

of the car, were the same. Which graph
represents the data gathered from the car
with improved the crumple zone?

2.5

Force (kN)

0 10 20 30 40 50
Time (ms)

2.5

15

Force (kN)

0 10 20 30 40 50
Time (ms)
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3
2.5
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Z
o 1.5
o
S
1
0.5
O
10 20 30 40 50
Time (ms)
3
THUA
2
2 [\
@ 15 / \
(&)
: X
| \
0.5
O 1 1
0 10 20 30 40 50
Time (ms)
3
2.5
2
=
=
o 1.5
o
S
1
0.5
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Time (ms)
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Short-answer questions

7  Two blocks are moving towards each other with
a speed of 2.5 ms™! on a frictionless surface. Both 25ms1 25ms1

blocks have a mass of 1.35 kg. After they collide, — o m—
the two blocks move away from each other at a o2y .
speed of 0.9 ms™1.

Aaron argues that the law of conservation of 09 ms-1 09 ms-1
momentum has been broken, since the magnitude -~ —
of the total momentum is not conserved. Maya 1.35 kg 1.35 kg

argues that the law of conservation is not broken
and says that the total momentum is the same
before and after the collision. Who is correct? Justify your answer.

8 Two bumper cars approach each other. A yellow bumper car, that has a total mass of
250 kg, is moving due north at a velocity of 2 ms™!. It collides with a 150 kg red bumper
car moving at 1.75 ms~! south. When the two bumper cars collide, they move as one.

I

a Calculate the velocity of the red bumper car after the collision.

b Calculate the impulse given to the red bumper car during the collision.

¢ Calculate the amount of energy lost to thermal energy and sound energy in the collision.
9 A proton in an accelerator detector collides head-on with a stationary alpha particle, as

shown below. After the collision, the alpha particle travels at a speed of 4.0 x 10° m s~

The proton rebounds at 6.0 x 10 m s~

Before After
6.0x105ms! 4.0x105ms!
@ 6 0 o0
Proton Alpha particle Proton Alpha particle

Find the speed of the proton before the collision, modelling the mass of the alpha
particle, 4m, to be equal to four times the mass of the proton, m. Show your working.
Ignore relativistic effects.
VCAA 2019
10 A 1500 kg car is travelling at 50.4 km h™! north when the driver sees a tree branch on
the road. The car brakes and slows down to 21.6 kmh~! north in 1.45 seconds.
a What is the change in momentum of the car?
b What is the impulse applied to the car?
¢ Calculate the average braking force.
11 Before physical education class, two students are trying to make a soccer ball and
basketball collide. The first student throws a 625 g basketball and gives it a velocity of
6 ms~! south and the second student kicks a 450 g soccer ball and gives it a velocity of
7.88 ms~! north. After the collision, the basketball has a velocity of 4.22 ms~! north.
Calculate the velocity of the soccer ball after the collision.
12 A cannon is at rest on a hill when it fires a 5.50 kg cannon ball with a velocity
of 130 ms~! west. The cannon and cannonball have a combined mass of 565 kg.
Calculate the velocity of the cannon when it releases the cannonball.
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Springs

Study Design: Glossary:
e Analyse transformations of energy between kinetic Equilibrium position
energy, elastic potential energy, gravitational potential
energy and energy dissipated to the environment
(considered as a combination of heat, sound and
deformation of material):
» elastic potential energy: area under force-distance

graph including ideal springs obeying Hooke'’s Law:

1
E, = Ekx2

ﬁ ENGAGE

A shoe that can make you run 4% faster

On 6 May 2017, Kenyan distance runner, Eliud Kipchoge, attempted what many people
thought was impossible; to run the 42.2 km marathon distance in under two hours. To
do this, he would be required to maintain a speed of 21.1 kmh~!. This is equivalent to
running Melbourne’s Tan Track in 10 minutes and 48 seconds, just over 11 times, non-
stop. To help, Eliud wore Nike shoes with improved elastic properties. For almost fifty
years, running shoes had used ethylene vinyl-acetate (EVA) in their midsoles, returning
up to 65% of the runner’s energy as they compress and expand. Nike replaced the
traditional EVA midsole with a new material called Pebax, which was lighter than EVA
and returned up to 87% of the runner’s energy. Another innovation rarely seen at the
time was the use of a carbon-fibre plate that ran the length of the shoe. This plate rocked
the runner onto their toes faster and helped the Pebax to compress and expand quickly.

Various independent studies, as well as running data from the fitness app Strava,
confirmed that the enhanced elastic properties of the shoes can improve running
performance by up to 4%. In his first attempt in 2017, Eliud missed the sub two-hour
mark by just 25 seconds. Other shoe brands released versions with carbon-fibre plates in
them and in the 2020 World Athletics Half Marathon Championships, 92% of the shoes
worn had a carbon-fibre plate in them. Eliud Kipchoge did eventually break the two-hour
marathon in October 2019. However, this was not officially recognised as a world record.

Figure 2C-1 Kenya’s Eliud Kipchoge (white jersey) breaking the two-hour marathon
on 12 October 2019 in Vienna
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5i

EXPLAIN

Hooke’s law

In order to bend, stretch, twist or compress an object, work must be done on it. If the
object is not damaged, it will return to its original shape once the external force has been
removed. This means that an object is storing energy; this stored energy is known as elastic

potential energy.
10

If you take three different
springs, A, B and C, and stretch
them all by 0.300 m, it will 8
require a different amount of
force to stretch each of them to
that length. When the applied
force is plotted against the
extension, a line graph is given.
The graph in red on the right
shows the force applied plotted
against the extension for the
three different springs.

N

Force (N)

N

AN
AR

We can analyse these lines on 0 0.1 0.2 0.3 0.4 0.5
the graph through the formula Extension (m)

y=mix +c. When the springis o6 22 The force—extension graphs of three different “Ej
not extended, there will be no ideal springs -

force on the spring. This means

the graph will always pass through the origin and therefore the values for ¢ will always be

rise wt
zero. The gradient of the graph is the ——, which will be newtons
run metres

The gradient represents the stiffness of the spring and the amount of force require to

(giving the unit Nm1).

stretch the spring by one metre. Since the stiffness of springs will vary, the gradients of the
lines will also vary. A stiffer spring will require more force to stretch it by one metre, so a
stiffer spring will have a steeper gradient. The stiffness of an ideal spring is constant; this
value is known as the spring constant and is given the value k.

Worked example 2C-1 Calculating the spring constant

Calculate the spring constant for spring A in Figure 2C-2.

Solution

. ris
gradient =——
run

8-0

030
=267 Nm™!
Robert Hooke recognised the linear relationship that related the force applied to extend

or compress an ideal spring with the resulting extension or compression of the spring.
He summarised this relationship in what is now known as Hooke’s law, shown in Formula 2C-1.
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Formula 2C-1 Hooke’s law

F=-kx
Where:
F = Force (N)
k = Spring constant (Nm™)
x = Compression or extension of the spring (m)

There is a negative sign to indicate that springs restoring force acts in the opposite
direction to the compression or extension. Usually the negative sign can be ignored in
calculations as long as you remain aware of the direction of the forces on the spring and the
direction of the spring’s restoring force. It is worth noting that this relationship holds true
for many objects other than springs that are stretched or compressed.

Worked example 2C-2 Using Hooke’s law

A car drives over a bump in the road and the ideal spring that is used in the car suspension
is exposed to a force of 2.56 x 10 N. If the spring constant is 1.50 x 10* Nm™}, calculate
the amount that the spring is compressed.

Solution

F=kx

X=—

k
) (2.56><103)

- (1.50x104)
—0.171m

Elastic potential energy 1000
As we previously learned, the area

under a force—displacement graph 800
is the work done (W = Fs). When
an ideal spring is stretched or
compressed, the force—extension
graph will also give the amount of 400 e

work done. /

Force (N)

For example, an ideal spring that 200 //

has a spring constant of 800 Nm™!

is stretched to 1.00 m. The graph 0

in Figure 2C-3 can be used to 0 0.2 0.4 0.6 0.8 1
calculate the amount of work done Extension (m)

to stretch the spring. Figure 2C-3 The force—extension graph of an ideal spring

with a spring constant of 800 Nm~!
To calculate the amount of energy bring

used to extend the spring, which will be equal to the stored elastic potential energy, find the
area under the graph as shown in Figure 2C—4.
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1000

800

The elastic potential energy in Figure 2C—4 would be
calculated as follows:

600 e

elastic potential energy = 0.5 x 1 x 800
=400]

Force (N)

400 pad

The formula for the elastic potential energy can also
be derived from the graph. The area under the graph

200 /

is half the product of the y-value multiplied by the
x-value (the area of a triangle).

r

area under the graph = elastic potential energy = %Px

0 0.2 0.4 0.6 0.8
Extension (m)

Figure 2C-4 The area under the graph represents the

elastic potential energy.

The force on a spring is equal to kx. If kx is
substituted for force in the formula above, the
following is obtained:

elastic potential energy = %(kx)x

which gives Formula 2C-2.

NOTE Formula 2C-2 Elastic potential energy

Elastic potential
energy, spring
potential
energy and Where:
strain potential
energy are all

S

E =lkx2
2

E_= Elastic potential energy (J)

interchangeable k = Spring constant (Nm™)

terms.

x = Compression or extension of the spring (m)

Force (N)

(r+:] 0 1 2 3 4 5
]

Extension (m)

Figure 2C-5 As the spring extends, it takes

more and more energy to extend it by the same
amount. The energy required to extend the spring
by 1 m, from 1 m to 2 m, is much less than the
energy required to extend a spring from 4 m to 5 m.
The energy required is indicated by the area
under the graph, highlighted in green.

ISBN 978-1-009-25901-9

According to Hooke’s law, F = kx, the more a spring is
extended or compressed, the more force will be required

to continue to extend or compress. For example, to extend
or compress a spring by 1 m when it is originally at its rest
length, does not take as much energy to extend the same
spring by 1 m when it is already extended or compressed.
This is because the more a spring is extended, the greater the
restoring force becomes and therefore more energy must be
applied to overcome this force. This is shown on the graph
in Figure 2C-5, with a spring that has a spring constant of
100 Nm™L,

That progressively more energy is required, at higher degrees
of extension or compression, to extend or compress a spring
by the same amount, can also be proved with Formula 2C-2,

the elastic potential energy formula, E = l/<9¢2. The elastic

potential energy, E, is directly proportional to the extension
or compression squared, x%, which means a change in the
extension will result in a quadratic change in the elastic
potential energy.
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So, when finding the change in elastic potential energy, you can either find the area
under the graph or subtract the elastic potential energy of the final length of the spring
from the elastic potential energy of the initial length of the spring. This can be expressed
mathematically as shown in Formula 2C-3.

Formula 2C-3 Change in elastic potential energy

1

AE ==k ——kx?

Where:
E_ = Elastic potential energy (J)
k = Spring constant (Nm™1)
x; = Final length of the spring (m)
x, = Initial length of the spring (m)

Worked example 2C-3 Calculating change in elastic potential energy

Calculate the amount of energy used to stretch a spring, with a spring constant of
150 Nm!, from 10 cm to 14 cm.
Solution

x,=0.10 m, x,=0.14

1 1
AE, = = kx} ——kx?
2 2

= %(150)(0.14)2 —%(150)(0.10)2
=0.72]

Check-in questions — Set 1

1 A force of 225 N is applied to a spring that has a spring constant of 1000 N m~!. What is
the extension of the spring?

2 A spring with a spring constant of 5500 N m™! is stretched so that it stores 248 ] of
energy. How much was the spring extended by?

3 The force—extension graph for a spring is shown below.

300

N
o
o

Force (N)

—
o
o

0 1 2 3 4 5
Extension (cm)

a Use the graph to calculate the spring constant.
b Use the graph to calculate the elastic potential energy when the spring is extended
by 2 cm.
4 A spring with a spring constant of 6800 N m™! is stretched from 0.02 m to 0.05 m.
Calculate the increase in the elastic potential energy of the spring.
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|

Horizontal spring systems
Imagine a spring system consisting | | A B C
of a spring that has the same spring
constant in compression and
extension. The spring is attached
to a wall at one end, has a mass Im Im
attached to the other end and rests

5

%.
i
%%

Figure 2C-6 A horizontal spring system showing a spring that

on a frictionless surface. oscillates from point A (fully compressed) through point B
When the spring is at rest, it will  (at rest) to point C (fully extended). Note that the 1 m compression/
be in position B in Figure 2C—6. extension will change based on the total energy of the spring

system and the spring constant of the spring. Figures 2C-7 and

If the spring is compressed to 2C-8 relate to this system.

position A and then released, it

will naturally oscillate. During the oscillation, the net force and therefore the acceleration
of the mass that is attached to the spring will always be directed towards point B. Point B
is known as the equilibrium position, it is the point in the system where the net force on the

Equilibrium

position mass is zero. As the mass moves from point A to B to C and back again, elastic potential
the position in . . . .

a system where energy and kinetic energy are being constantly transformed into each other. Therefore, the
tﬂ: gstt:ifloartcii;n following expression will hold true for any horizontal spring after any amount of time has
object is zero passed (assuming no energy is lost):

spring energy before + kinetic energy before = spring energy after + kinetic energy after

1 1,

1 1
2 _ 2 2
E kxbefore + 5 MVyefore = E kxafter + 5 MY teer

Figure 2C-7 shows the acceleration—spring extension and energy—spring extension graphs
as the mass moves from point A to B to C. Figure 2C-7 describes the energy changes
accompanying this movement.

Net force/acceleration

A

Maximum (positive)

\
\
— Spring

-1 1 extension (m)

Maximum (negative)

A B
Energy (%)

wnc energy

Elastic potential energy 100 A

Tl

Figure 2C-7 The net
force/acceleration—spring
extension and energy-spring
extension graphs for one
oscillation of the spring
system in Figure 2C-6. The
negative spring extension -1 0 1
corresponds with spring A B C
compression.

/O [0} ‘\I\
an D (o)}

/ Spring

extension (m)
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Point A
At point A, the spring has
maximum compression
(shown in the graph in
Figure 2C-7 as negative
extension). At this point
of maximum compression,
the net force and
acceleration will be at a
maximum because the
spring force is at a
maximum.

100% of the energy in the
system will be elastic
potential energy and the
kinetic energy will be zero
as the mass will be
momentarily stationary.

. I1m I1m

“ Aee = 0B o= = =

Point B
As the mass accelerates to
point B the elastic potential
energy will decrease and
the kinetic energy will
increase.

When the mass does reach
point B the spring has no
compression or extension,
therefore it will have zero
elastic potential energy. No
spring compression or -+
extension means no
horizontal spring force on
the mass and therefore no
horizontal acceleration.
Since the mass will no
longer be accelerated in
this direction the velocity
and therefore the kinetic
energy is at a maximum
and contains 100% of the
energy of the system.

2C SPRINGS e

‘ 1m 1m

Point C
As the mass moves away
from point B towards point C
it will begin to extend.
The extension causes the
spring potential energy to
increase. As the spring
extends the spring force
increases meaning that
the net force and
acceleration will also
increase which slows the
mass down, decreasing the
kinetic energy.

At point C, the spring has
maximum extension which
means 100% of the
systems energy is elastic
potential energy. The net
force and acceleration will
also be at an equal
maximum to point A but in
an opposite direction.

Point C will also be a
momentary stationary
point, meaning the that
the kinetic energy is zero.
From point C the mass will
then move back to point B
and then to point A.

Figure 2C-8 Elastic potential energy and kinetic energy changes in the horizontal spring system shown in Figure 2C-6

Vertical spring systems

In a vertical spring system, gravitational potential energy, kinetic energy and elastic potential

energy are all being transformed into each other as the spring oscillates. The following

expression will hold true for all vertical springs:

total energy at position 1

gravitational elastic
potential potential
energyat | energy at
position 1 position 1

1
mgAh, + S kx? o+

ISBN 978-1-009-25901-9

total energy at position 2

o gravitational elastic o
kinetic . . kinetic
potential potential
energy at = + + energy at
tion 1 energy at energy at ion 9
position position 2 position 2 posttion
1 1 1
3 vi = mghAh, &+ 5 ke 4 5 mv3
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@ CHAPTER 2 FORCE, ENERGY AND MASS

A common example is an ideal spring that has a mass at one end and is attached to a fixed
support at the other end. When the spring is in position A in Figure 2C-9, the spring has no
extension. The mass is then dropped from position A. Assuming that friction is negligible, the
system will oscillate from this top position to a bottom position, C. Note that the 2 m total
extension will change based on the stiffness of the spring and the mass attached to the spring.

LY
VUV

JEREYRY]

+

—
o
©
E
1
!
1
1
1
1
|
|
1
'Q

Middle (B) —X— --------- [A.

Bottom (C) L= =====---- n

Figure 2C-9 A vertical ideal spring with a mass attached will oscillate from its top to bottom
position continually if friction is ignored. Note that the 2 m total extension will change based on
the spring system. Figures 2C-10 and 2C-11 relate to this system.

The net force, acceleration, elastic potential energy, gravitational potential energy and
kinetic energy of the mass will all change throughout the oscillation, and the change in
these quantities can be represented by the graphs shown in Figure 2C-10.

10

Distance ahove

Net force/acceleration
(@]

1 2! the lowest point (m)
-10 \
© B A

100
Elastic potential energy /
75

2 Gravitational|potential energy
Q 50 - 1

[}

= Kinetic ener,

ERPTYS gy

Distance ahove the lowest point (m)

o Figure 2C-10 The net force/acceleration—spring extension and energy—
G] spring extension graphs for one half-oscillation of the vertical spring
system in Figure 2C-9
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- Point A

E;‘: At point A, the spring is unstretched, meaning that the elastic potential energy is zero. At
-— point A there is no spring force but there is the force due to gravity on the mass, which
- ‘; acts to accelerate it down at 9.8 m s=2. At this point the mass is momentarily stationary

meaning that the kinetic energy is zero.

b~
R
-

If we take point C to be the point of zero gravitational potential energy, then point A is when

R —— 100% of the energy is stored as gravitational potential energy.
C ___________
- Point B
= 7: As the mass begins to fall due to the force of gravity, the spring will begin to stretch, hence
- - the elastic potential energy will increase. As the velocity of the mass is increasing, the
== kinetic energy is also increasing and since the height is decreasing, the gravitational
g — potential energy is also decreasing.
& ___.
A ‘/:;’ At point B, the mass is in the equilibrium position as the downward force due to gravity is
B --- Ii ___ balanced by the upward spring force (mg = kx). Point B is the point of maximum velocity
' and therefore maximum kinetic energy (25% of the total energy). The gravitational
O mmmmmme- potential energy has now halved.
e Point C
- : As the spring moves past point B, the upward spring force becomes greater than the
Co downwards force due to gravity, meaning the net force and the acceleration is now directed
§’; » up. As the spring extends, the upwards net force increases due to an increasing spring
e : force. Hence, the elastic potential energy will also increase and the velocity will decrease.
RS .
(‘; - At point C, the acceleration will be 9.8 m s up; the spring potential energy will be a
B s i maximum and will account for 100% of the energy of the system. The mass will
7. momentarily be stationary, meaning that the kinetic energy will be zero and the gravitational
c [ﬁ potential energy is defined as zero at this point. The mass will then accelerate to point B.

As is passes point B it will begin to decelerate and become stationary at point A.

Figure 2C-11 Elastic potential energy and kinetic energy changes in the vertical spring system shown in
Figure 2C-9

Note that the total energy at any given distance is the same as any other point. This can be WORKSHEET
seen from the graph in Figure 2C-10 as at any point the sum of the gravitational potential L—'] ggR_IINGS
energy, elastic potential energy and kinetic energy will equal 100%.
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Worked example 2C—4 Vertical spring systems

A spring that has a 1.25 kg mass at one end is
attached to a fixed support and left to oscillate

freely. When oscillating, the maximum g_v::é E :__i
extension in the spring is found to be 18.0 cm. f‘g‘ = <
The diagrams on the right compare the spring == -

when it is unextended and when it is at a point

|
AW

of maximum extension.
a Ona copy of the diagram showing the spring
when it is unextended, draw all of the forces
acting on the mass.
b Calculate the spring constant of this ideal spring.
¢ Calculate the maximum velocity of the mass as it is oscillating.

-
—
(0]
(@)
(@)
=

Solution

a Since the spring has no extension, the only force acting on the ball will be the force
due to gravity.
b Take the bottom of the oscillation to be zero gravitational potential energy:

gravitational potential energy at position 1 + elastic potential energy at position 1
+ kinetic energy at position 1 = gravitational potential energy at position 2
+ elastic potential energy at position 2 + kinetic energy at position 2

1 1 1 1
mgAhy, +=kx? +=mv? = mgAh, +—kx, +—mv,
A o TSN gAh, o (K2 TV,
At maximum spring extension, the kinetic energy of the spring is zero, therefore:
1
mgAh = Ekx2

You also know that in this case the change in height will be equal to the extension in
the spring, therefore:

1, 5
mgx = —kx
s 2

(1.25)(9.8)(0.18) = %k(0‘18)2

. 2(1.25)(9.8)(0.18)

0.18°
=136.1 Nm™!
¢ The maximum velocity occurs when the upward spring force is equal to the force due
to gravity.
mg = kx
(1.25)(9.8) = (136.1)x
x=0.090007 m

mgAh = %mv2 + %kx2

mgAh - %kx2= %WIVZ

(1.25)(9.8)(0.090007) — (0.5)(136.1)(0.090007)2 = (0.5)(1.25)v?*
v=0.939 ms™!
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Worked example 2C-5 Complex vertical spring systems

A 3.77 kg mass is dropped from a height of 5.20 m A o 3.77 kg
onto an 11.6 m industrial spring. When the spring 5.20m! '
is at its point of maximum compression, the length
of the spring is 5.45 m. A diagram of this situation is
shown on the right.
a Show that the spring constant is 22.17 Nm. 11.6 m
b When is the velocity of the ball at a maximum?
¢ Calculate the compression of the spring when the
velocity is at a maximum.
d Calculate the maximum velocity of the ball.

yVyVVvYy w9 vy Vvvyy
’o

VY IYYY

5.45m

. .

- - - -

TITTIY

Solution

a change in gravitational potential energy = elastic potential energy

mgAh = %kx2

(3.77)(9.8)(5.2+6.15) = %k(6.15)2

k=2217Nm™!
b The velocity of the ball is at a maximum when the downward force of gravity is equal
to the upward spring force. This is because at this point the acceleration is zero and
the ball has been accelerated downwards as much as possible.

c kx =mg
(22.17)x = (3.77)(9.8)
x=1.67 m

d kinetic energy = potential energy change — elastic energy

1
E, = mghh —Eksz = (3.77)(9.8)(1.67 + 5.2) — -;- (22.17)(1.67)>=222.9]

222.9 = (0.5)(3.77)12

v=109 ms™!

VIDEO 2C-1
SKILLS:

2C SKILLS UNDERSTANDING
GRAPHS

Understanding graphs v

In this course, there are two main elements of 25

graphs that you need to understand:

o the gradient and area of the graph 20 L

o the area under the graph. . / |

The gradient of a graph is the steepness of the 15 i

graph; the bigger the gradient, the steeper the /

graph. Consider the graph on the right. 10

|

To get a sense of the gradient, you can imagine ' / ‘

that the graph is a hill. What would it be like to ST T T BT

walk up and down this graph? Segment AB has A | e

a positive gradient with a moderate steepness, 0 1 —1 —X

segment BC has a positive gradient with quite 0 2 4 6 8 10 12 14
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@ CHAPTER 2 FORCE, ENERGY AND MASS

a steep (large) gradient. Segment CD is flat and y
therefore has a gradient of zero. Segment DE has
a steep (large) negative gradient. The gradient

is calculated by the change in the y-value (Ay)
divided by the change in the x-value (Ax):

|
A i |
gradient ==~ = ¢ : Ay
run i
This means that the unit for the gradient will I
always be the y-axis unit divided by the x-axis T AL !
unit. Consider the graph of a spring below right. X
The gradient for this line is:
. rise AF
gradient =——=—
run Ax
4000 —1000 z
= T @
0.4-0.1 e
2
=10 000
The unit for this would be:
unit:fori:E:Nm‘l 0 T T T T |
extension m 0 01 02 03 04 05

Understanding that the gradient represents the R

quantity on the y-axis divided by the quantity on the x-axis can help with substituting it
into the formula; this helps to prove that the gradient of this line is the spring constant.

k= £ gradient
x

Finding the area under a graph involves 005
multiplying the x- and y-axis. If you wanted to 4000 -
find the area under the force—extension graph
above right, it could be calculated by finding Z 30004
the area of the triangle. ]
1 S 2000 +
area =—Fx
2 1000
1
:(EJ(SOOO)(O'S) 0+ | | T T |
0O 01 02 03 04 05
=1250] Extension (m)

The unit for the area under the graph can be calculated by multiplying the unit on the
y-axis with the unit on the x-axis:

unit=Fx=Nm =]

Knowing that the area under the graph is the product of the x- and y-axis is useful to
understand how the area under the graph relates to known formulas. For example,
consider the graph above right:

area under graph = Fx
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You know that:
W =Fs

So, the work done on the spring, and therefore its stored elastic potential energy, is equal
to the area under a force—extension graph.

Question

A group of students are investigating how the elastic potential energy changes with
the extension of the spring. The students select a spring and extend it by 1 cm, 2 cm,
3 c¢cm, 4 cm and 5 cm and record the average force required to stretch the spring to
each length. The students then multiply the average force by the change in length to
get the elastic potential energy. The students square the extension and plot it on a
graph against the elastic potential energy. The students’ graph is shown below.

160

140 -
120 -
100 -
80 -
60 -
40 -

Elastic potential energy (J)

20

| | | | |
0 4 8 12 16 20 24
Extension squared (m2)

a What is the gradient of the graph? Include a unit in the answer.
b Use the gradient of the line of best fit to calculate the spring constant of the spring.

Solution

a The gradient of the line must take two distant points from the line of best fit. The
example solution below has taken the points (0, 0) and (19 x1074, 120):

. rise
gradient = —
run
. 120-0
~ (19-0)x10™*

=6.32 x 10*J m~2

unit = Lz = | ot 2
m

b First, you must understand what the gradient represents:

. rise E
gradient= —=—
run  x
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Once you understand the significance of the gradient, you can use it with the formula
for the elastic potential energy to calculate the spring constant:

2, L2
2
2E
k=2Es
x2

=2 x gradient
=(2)(6.32 x 10%)
=1.26 x 10° N m™!

Section 2C questions

Multiple-choice questions
Use the following information to answer Questions 1, 2 and 3.
A ball with a mass of 1 kg is travelling at 3 ms™! as it approaches an ideal spring, which has

a spring constant of 250 Nm~. The spring is fixed to a wall as shown below. Friction can be
neglected.

3ms T

T
WUV

The ball comes to rest for an instant when the spring is compressed by a total amount, X.
After this instant, the spring rebounds.

1 The value of X is:
A 20cm
B 19 cm
C 3.6cm
D 1.2cm
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2 Which graph best represents the kinetic energy of the ball as a function of the spring’s

compression?
A B
[ <1
> >
S L
@ b
£ N g N
Compression (m) Compression (m)
Cc D
E E
o @
5 \ 5
L 2
g g
= =
\\
Compression (m) Compression (m)

3 What is the magnitude of the momentum of the ball when the spring has been

compressed by an amount %X?
A 14.75 kgms™!

B 6.74 kgms™!

C 2.60 kgms™!

D 1.50 kgms™!

VCAA 2017
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@ CHAPTER 2 FORCE, ENERGY AND MASS

Use the following information to answer Questions 4 and 5.

A model car is on a track and moving to the right. At the end of the track it hits and
compresses a spring to bring it to a stop, as shown in the diagram below. The spring is
considered ideal.

The car compresses the spring to 0.50 m when it comes to rest. The force—distance
graph for the spring is also shown below.

Assume that friction is negligible.

Model car

= NNNNNANNNNNNNNNNNNNNNNANNNNNNNNNNNANN
=
8 AR AR AR AR AR AR AR R AR R R A AR R A AR R AR RN

400 A '

300 —

Force (N)

100 —

0 T T I T » X (m)
0 0.20 0.40 0.60 0.80 1.0

4 Based on the graph above, what is the best estimate of the spring constant, k?
A 100 Nm™
B 200 Nm™!
C 400N m!
D 800 Nm™!

5 What is the initial kinetic energy of the car?
A 25]

B 50]
C 100]
D 200]
VCAA 2017
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6 How far will an ideal spring stretch if it is stretched with an external force of 140 N and
has a spring constant of 300 N m~1?

7 The graph below shows the extension of two different ideal springs. Prove that spring A
is stiffer than B. Hint: calculate the spring constant of the two springs and then
compare them.

Short-answer questions

100

80
A
60 /

N /‘ / B
20 /

L=

0 2 4 6 8 10
Extension (m)

Force (N)

8 The force—extension graph below shows how the force applied to extend two springs, A
and B, varies with the amount of extension. Use the graph to calculate the difference in
elastic potential that the two springs have when they are both extended by 1 m.

500

400

300

200 //‘/B
i

Force (N)

100

_
LA

0 0.2 0.4 0.6 0.8 1
Extension (m)

9 A 5.00 kg mass is hung from a spring, dropped from the spring’s
unstretched length and allowed to oscillate up and down freely. A
diagram of the situation is shown on the right.

a The position shown is the spring at its point of maximum
extension. On a copy of the diagram, draw all of the forces that
are acting on the mass and their approximate magnitudes.

b The maximum extension of the spring is 80.0 cm. Show that the
spring constant is 122.5 Nm™L.

¢ Calculate the maximum velocity that the mass will reach as it is
oscillating.
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10 A ball of mass 2.0 kg is dropped from a height of 2.0 m above a spring, as shown below.
The spring has an uncompressed length of 2.0 m. The ball and the spring come to
rest when they are at a distance of 0.50 m below the top of the uncompressed position
of the spring.

| I
[ I
| I
| I
| I
20m! I
| I
| |2.5m
| I
| I
| I
| I
e I
1 |
| = I
n—
= X
B — .
| -IID' e
= ==
H > —: <
20mp =
"D S >
' g o ——
I B :ng
| > —T
; - p—
—
I ==
] | —

a Using g=9.8 N kg~!, show that the spring constant, &, is equal to 392 N m~1. Show
your working.

b Determine the acceleration of the ball when it reaches its maximum speed. Explain
your answer.

¢ Calculate the compression of the spring when the ball reaches its maximum speed.
Show your working.

VCAA 2018
11 The suspension on a particular make of car, with a mass of 900 kg, is made up of four
springs that each has a spring constant of 55.1 kNm™!.

a Calculate the amount of compression in the springs when the car is stationary.

b The owners of the car are going on a camping trip. They load the car with camping
equipment that has a combined mass of 120 kg. Calculate the new compression in
the springs.

¢ Calculate the gain in elastic potential energy when the car is loaded with the
camping gear.
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Chapter 2 review

Summary

Create your own set of summary notes for this chapter on paper or in a digital document. A model
summary is provided in the Teacher Resources, which can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to: Linked questions
2A.1 Apply the formula w = Fs cos 0 1801, 20
2A.2 Understand that work is only achieved by a force that is parallel to 8], o0, 180
the direction of motion
2A.3 Understand and apply the knowledge that work is the area under a 170
force—displacement graph
2A.4 Understand that energy is a conserved quantity 100
2A.5 Apply the formulas for kinetic energy and gravitational potential 50, 1407, 2001,
1
energy: Eg= mgAh, E, = Emvz, INE =TT = = %mv2 —%mu2 2L
2A.6  Analyse transformations of energy between kinetic energy and 23]

gravitational potential energy qualitatively and quantitatively using

the formula Ek initial T Eg initial — El( final 0 Eg final

2B.1 Apply the formula p = mv to calculate the momentum of bodies 14[1, 163, 1900

2B.2  Apply the law of conservation of momentum to solve problems 2], 401, 701,
relating to two or more objects colliding in a straight line when no 1401, 16, 190]
external forces act on those bodies

2B.3 Be able to determine mathematically if a collision is elastic or inelastic 70d, 160

2B.4  Apply the relationship I = Ap = mAv = mv — mu = F, At to solve e, 1101, 147,
collision-type problems 220

2B.5 Understand that the area under a force—time graph is the impulse 157

2C.1 Understand that, in an ideal spring, the gradient of a force— 13

compression/extension graph is the spring constant and the area
under the graph is the elastic potential energy

2C.2 Understand that an ideal spring will obey Hooke’s law, and apply 1|:|, ZD, 3|:|,
1

the formulas F = —kx and E, =§kx2 1201, 130, 2001

2C.3  Analyse transformations of energy between elastic potential energy;, 22[]

kinetic energy and gravitational potential energy in a spring system
graphically, qualitatively and quantitatively

2C.4 Be able to describe graphically, quantitatively and qualitatively 22[]
the energy transformations that occur in a vertical and horizontal
oscillating spring

2C.5 Understand that, in a spring system, when the net force on a mass 22[]
attached to a spring is zero, the velocity will be at a maximum. Apply
the formula mg = kx to a body on an ideal vertical spring system
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Multiple-choice questions

1 Which graph best shows the relationship between the force on and extension of a spring?
A

Force (N)

Force (N)

Force (N)

Force (N)




Use the following information to answer Questions 2 and 3.

An ideal spring, that has a spring constant of 340 Nm™}, is compressed a distance of 0.05 m.
As the spring is released, it pushes a 500 g block that slides smoothly on a horizontal
frictionless surface.

YYIIRRY
500 g (LININLVAN LI DL b

- RAAALALAA L

2 What is the magnitude of the maximum acceleration of the block once the spring is released?
A 34ms™?
B 17 ms™
C 85ms™2
D 32ms™

3 Which graph is the best representation of the relationship between the acceleration of the block
as a function of the distance travelled by the block?

A B
& a N
) >t b
E / E
S / S N
s / B N\,
o / o \
[ [
3 / 8 N
< < \
\
Distance (m) Distance (m)
Cc D
& N & \\
(7] (7]
= S \
s ®
© [}
Distance (m) Distance (m)
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Use the following information to answer Questions 4, 5 and 6.

An arrow, with mass A, is fired at a cylinder with a velocity of v. The cylinder has a mass of 30M
and can slide smoothly along the frictionless horizontal rails. When the arrow hits the cylinder, it
pierces it and the cylinder and arrow move as one.

Cylinder

./

| Before collision | | After collision

4 The velocity of the arrow—cylinder system after the collision is
v
A 29M
v

31M

D_

5 The kinetic energy of the arrow—cylinder system is
Mv?
62

A

My
8

c

D My?

6 What impulse did the arrow give to the cylinder?
A 31Mv

B 30Mv

30Myv
31

c

31Mv
31
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7 Two 2.5 kg blocks slide horizontally along a frictionless surface. The two blocks are both
travelling at 4.8 ms~!, in opposite direction to when they collided. They rebound, each
travelling at 3.6 ms~! in opposite directions.

48ms!t 48ms 3.6ms1 3.6ms1
2bkg F——» =—— 2b5Kkg e 25 2.5 (G | ——
Before collision After collision

Which of the following statements is true?

A The momentum is not conserved and the collision is elastic.
B The momentum is not conserved and the collision is not elastic.
C The momentum is conserved and the collision is elastic.
D The momentum is conserved and the collision is not elastic.
8 Which of the following statements is true?
A When an object is in circular motion, neither the momentum nor the kinetic energy of the
object will change.
B When an object is in circular motion, both the momentum and kinetic energy of the object
will change.
C When an object is in circular motion, the momentum will change but no work will be done
on the object.
D When an object is in circular motion, the momentum will not change and no work will be
done on the object.
9 In which of the following situations is no work done?
A A person takes an elevator from the ground floor to the second floor.
B A person holds their books.
C A person walks up a flight of stairs.
D A person carries shopping to their car.
10 A meteoroid moves through space B
towards Earth, as seen in the diagram on A — B
the right. In which of the positions 2 * C
shown would the meteoroid o .
have the greatest amount a2
of kinetic energy? e
A A .
B B &
CC
DD
11 A golf club strikes a stationary golf ball of
mass 0.040 kg. The golf club is in contact
with the ball for one millisecond. The ball
moves off at 50 m s~1.

The average force exerted by the club on
the ball is closest to

A 20N
B 1.0x 103N
C 20x10®N
D 1.0x10°N
VCAA NHT 2018
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Short-answer questions

12 For each of the following springs, calculate the unknown value.
a An ideal spring has a spring constant of 30 Nm™! and is stretched 25.0 cm. Calculate the

magnitude of the restorative force that the spring is applying.

(2 marks)

b A spring is compressed by 8.00 cm with a force of 100 N. Calculate the spring constant for

this ideal spring.

(2 marks)

¢ A force of 250 N is applied to an ideal spring that has a spring constant of 3.00 x 10° N.

Calculate the extension in the spring.

13 Anideal spring is stretched and the
force—extension graph is shown on
the right.

14

a

What is the spring constant of this
ideal spring? (2 marks)
If the spring is stretched by 10.0 m,
calculate the amount of elastic potential
energy stored in the spring. (2 marks)
If the spring had an initial elastic
potential energy of X ] and it was
stretched such that the new energy
was 2X ], by what factor has the
spring increased in length? (2 marks)

A person who has a mass of 90 kg is
running at a velocity of 5 ms~! west
when they jump onto a stationary

skateboard. The skateboard and the person move west as one. The skateboard has a mass
of 5.64 kg.

Calculate the velocity of the person and the skateboard.
Calculate the impulse that the skateboard applies to the person.

Force (N)

300

250

200

150

100

50

(2 marks)

228

T

o

4 6 8 10
Extension (m)

(2 marks)
(3 marks)

When the person jumps on the skateboard, they are decelerating for 1.5 seconds. Calculate

the average force that the skateboard applies to the person.

(2 marks)

If the initial velocity of the person was increased from 5 ms™ to 10 ms~!, by what factor

would the energy increase?

Eddy de Jong et al

(2 marks)
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15 A company that designs running shoes is testing two new shoes by measuring the force
generated while a runner’s foot is in contact with the ground. The solid line represents the
results for shoe A and the broken line represents the results for shoe B.

5
4
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= 3 4 Y
8 1 AR
£ 2 Pk e
¢ N
1 at s
~ N
/' NS L
’ s 4
O L]
0 20 40 60 80 100 120 140
Time (ms)
Based on the graph, which shoe is the superior shoe? Justify your answer. (2 marks)

16 Students are using two trolleys, Trolley A of mass 4.0 kg and Trolley B of mass 2.0 kg, to
investigate kinetic energy and momentum in collisions.

Before the collision, Trolley A is moving to the right at 5.0 m s~! and Trolley B is moving to

the right at 2.0 m s~1, as shown below. The trolleys collide and lock together and move as one,
also shown below.

5.0ms1 2.0ms1
A 4.0 kg » B20kg —> A B
Before collision After collision

Determine, using calculations, whether the collision is elastic or inelastic. Show your working
and justify your answer. (3 marks)
VCAA 2017

17 A worker is pushing a trolley around a warehouse. The force—distance graph of this situation is
shown below.

150
~ 100
£
8
o
“ 50 \\

0
0 5 10 15 20 25 30 35
Displacement (m)
Calculate the work done by the worker. (2 marks)
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18 A shopper is pushing a shopping trolley with a force of 500 N at an angle of 40° from the
horizontal.

a Calculate the horizontal component of the force. (2 marks)
b If the shopper pushes the trolley a distance of 501 m, how much work have
they done? (2 marks)

19 A 93 kg person, initially stationary, standing on a frozen lake throws a 57.0 g tennis ball north
at 25.6 ms~!. Calculate the magnitude and direction of the person’s velocity after they have
thrown the tennis ball, ignoring friction. (3 marks)
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20 A child bouncing on a trampoline applies an average force of 4590 N to the centre of the trampoline
from their highest bounce. At its lowest point, the trampoline bed is displaced by 0.125 m.

Trampoline bed
displaced 0.45 m

a Calculate the work done to displace the trampoline bed. (2 marks)
b If the trampoline has eight identical springs attaching the trampoline bed to the frame, and
each of these springs is extended by a maximum of 5 cm when the child is at the lowest
point in their jump, calculate the spring constant of each spring. Assume the fabric of the
bed is not elastic, and the springs absorb all the force applied by the child. (3 marks)
¢ Calculate the child’s maximum height above the ground from which they fell to the
trampoline bed, given that at the lowest point the child is 0.450 m above the ground.
(3 marks)
21 A 1220 kg car coming up to a school zone is moving at 72 km h~!. Calculate the change in
kinetic energy if the car slows to 45 kmh1. (3 marks)
22 An 85.6 kg person is standing 100 m above the ground, about to perform a bungee jump.
The bungee cord has an unstretched length of 40 m. At the bottom of the jump, the bungee
jumper is 10 m away from the ground.
a Calculate the spring constant of the bungee cord. (3 marks)
b The owners of the bungee company are discussing the use of different bungee cords
with different spring constants. Assuming that the bungee is calibrated correctly, so that
the jumper does not hit the ground, would a bungee cord with a lower or higher spring

constant be preferable. Justify your answer. (3 marks)
¢ When is the bungee jumper travelling at their maximum velocity? Justify your
answer. (2 marks)

d Assuming no energy is lost, sketch the graph of the elastic potential energy against distance.
Graph from when the jumper jumps from the platform to when they are at the lowest point
of their jump. Assume that the jumper does not lose energy during the jump or gain any
height when they jump. (3 marks)

23 A child throws a 56.9 g tennis ball with a velocity of 13.7 ms™! off the top of a 20 m tall bridge.

Calculate the velocity of the ball when it strikes the water at the bottom of the bridge. (3 marks)
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CHAPTER
& 3 GRAVITY

Introduction

This chapter introduces us to Newton’s law of universal gravitation. In 1666, the bubonic plague

raged through England and Europe killing millions of people. Isaac Newton, then aged 24 and on
leave from Cambridge University at his Woolsthorpe farm property, contemplated the matter of

falling apples and the Moon.

One of his first biographers, William Stukeley, recalls Newton telling him about the apple:

After dinner, the weather being warm, we went into the garden and drank tea, under the shade
of some apple trees ... he told me, he was just in the same situation, as when formerly, the
notion of gravitation came into his mind. It was occasiond by the fall of an apple, as he sat in
contemplative mood. Why should that apple always descend perpendicularly to the ground,
thought he to himself ...

Newton’s surprising discovery was not that Earth’s gravity created a force on an apple that pulled
it straight down to Earth, but that the apple’s gravity created an equal force on Earth to pull Earth
up. Equally surprising was Newton’s realisation that the Moon was falling towards Earth, just like
the apple!

Our starting point in our understanding of gravity is the law of gravitation developed by Isaac Newton.

In this chapter, you will learn how to represent a gravitational field using a field model for

gravitation. You will investigate gravitational fields, including the directions and shapes of fields,

and gravitational fields about a point mass with reference to the direction of the field, the use of

the inverse square law to determine the magnitude of the field and the potential energy changes

associated with a point mass moving in the field.

You will analyse how gravity accelerates masses by using gravitational field and gravitational force
ULUL)

M
concepts suchas g=G— and F, =G——=
r ° r

You will explore potential energy changes in a uniform gravitational field using the formula

E = mgAh and determine the change in gravitational potential energy from the area under a
force—distance graph and the area under a field—distance graph multiplied by mass in non-uniform
gravitational fields.
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Curriculum

Area of Study 2 Outcome 2
How do things move without contact?

Study Design

Learning intentions — at the end of

i

'ISBN 978-1-009-25901-9

Fields and interactions

Describe gravitation,

field model

Investigate and compare theoretically and practically

gravitational, fields, including

directions and shapes of fields, attractive

effects, and the existence of dipoles and monopoles

Investigate and compare theoretically and practically

gravitational fields about a point

mass

» the direction of the field

» the shape of the field

» the use of the inverse square law to determine the
magnitude of the field

|dentify fields as

non-uniform

Electric and magnetic fields are covered in Chapter 4.

using a

uniform or

Effects of fields

Analyse the use of gravitational fields to accelerate
mass, including:
» gravitational field and gravitational force concepts:

M m,m
ngr—2 and F, =G ;22

Application of field concepts

Apply the concepts of force due to gravity and normal
force

Orbiting satellites are covered in 3C.

Fields and interactions

Investigate and compare theoretically and practically
gravitational fields about a point
mass
» potential energy changes (qualitative) associated
with a point mass or charge moving in the field

Effects of fields

Analyse the use of gravitational fields to accelerate

mass, including:

» potential energy changes in a uniform gravitational
field: Eg = mgAh

Analyse the change in gravitational potential energy

from area under a force vs distance graph and area

under a field vs distance graph multiplied by mass

: Eddy de Jong et al

with reference to:

with reference to:

this chapter | will be able to:

3A Gravity and gravitational
fields

Understand both theoretically
and practically the direction,
shape and attractive effect

of a gravitational field;

identify fields as uniform

or non-uniform; investigate
the existence of monopoles
and dipoles and gravity as

a monopole

Understand both theoretically
and practically the direction,
shape and attractive effect

of a gravitational field about

a point mass and be able to
use the inverse square law to
determine the magnitude of
the field

Analyse the use of gravitational
fields to accelerate mass,
including gravitational field
and gravitational force

3A.1

3A.2

3A.3

concepts using g = GM2 and
r

F, =G AT
g r2

3B Gravitational potential energy
3B.1 Determine gravitational
potential energy changes
(qualitative) associated with

a point mass and potential
energy changes in a uniform
gravitational field using

I:'g = mgAh

Analyse the change in
gravitational potential energy
from both the area under a
force—distance graph and the
area under a field—distance
graph multiplied by mass

3B.2

= ' * © Cambridge University Press & Assessment 2023
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Study Design

Application of field concepts

e Apply the concepts of force due to gravity and normal

Learning intentions — at the end of
this chapter | will be able to:

force including in relation to satellites in orbit where
the orbits are assumed to be uniform and circular
e Model satellite motion (artificial, Moon, planet) as

uniform circular orbital motion: a = — =
=

3C
3C.1
v Axlr
_ 2
3C.2

Orbiting satellites

Apply the concepts of force
due to gravity, Fg, and the
normal force, F, including

in relation to satellites in orbit
where the orbits are assumed
to be both uniform and circular
Model satellite motion for
artificial satellites, our Moon
and planets as uniform

circular orbital motion using
v Arr

rT?

VCE Physics Study Design extracts © VCAA; reproduced by permission.

Glossary

Acceleration due to gravity
Artificial satellite
Centripetal acceleration
Centripetal force

Dipole

Field

Field line

4

Geostationary satellite
Gravimeter

Gravitational constant, G

ISBN 978-1-009-25901-9

Gravitational field

Gravitational field strength

Gravitational force

Gravitational monopole

Gravitational potential energy

Inverse square law

Monopole

Newton’s law of universal
gravitation

Newton’s third law

Non-uniform gravitational field

Eddy de Jong et al

Normal force

Orbital period

Orbital radius

Orbital speed

Period

Point mass

Scalar field

Uniform gravitational field
Vector field

Work
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CONCEPT MAP @

Concept map

Gravitation can be described using a field model

3A Gravity and gravitational fields

Change in gravitational potential energy can be
analysed as the area under a force—distance
graph and the area under a field—distance
graph multiplied by mass

3B Gravitational potential energy

200

160

—_
N
(@]

Force (N)

(0]
(@]

Surface of Earth

D

N
(@]

S~

0 4 8 12 16 20
Distance from centre of Earth (106 m)

The concepts of force due to gravity and normal
force can be applied to satellites in orbit

3C Orbiting satellites

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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@ CHAPTER 3 GRAVITY

~ Gravity and gravitational fields

’ Study Design: Glossary:

e Describe gravitation, Acceleration due to gravity
using a field model Centripetal acceleration

e |nvestigate and compare theoretically and Centripetal force
practically gravitational Dipole
fields, including directions and shapes of Field
fields, attractive effect, and the Field line
existence of dipoles and monopoles g

e |nvestigate and compare theoretically and Gravimeter
practically gravitational fields Gravitational constant, G

about a point mass Gravitational field
with reference to: Gravitational field strength
» the direction of the field Gravitational force
» the shape of the field Gravitational monopole
» the use of the inverse square law to Inverse square law
determine the magnitude of the field Monopole

e |dentify fields as Newton’s law of universal
uniform or non-uniform gravitation

e Analyse the use of gravitational fields to Newton’s third law
accelerate mass, including: Non-uniform gravitational

field

» gravitational field and gravitational force Normal force

concepts: g = GM2 and F, = Gm1r2n2 Orbital radius
s 4 Period
e Apply the concepts of force due to gravity and Point mass
normal force Scalar field

Uniform gravitational field
Vector field

Q ENGAGE

The nature of gravity

One of the enduring goals of physics is to

fully understand the nature of gravity — the
gravitational force that holds you to Earth, holds
the Moon in orbit around Earth, and holds
Earth in orbit around the Sun. This same force
reaches out through the whole of our Milky
Way Galaxy, holding together the billions of
stars in our galaxy. In our Local Group, there
are three large galaxies: the Triangulum Galaxy,
the Milky Way Galaxy and the Andromeda
Galaxy (Figure 3A-1), all held together by
gravity. In the centre of our galaxy, there is a Figure 3A-1 The Andromeda Galaxy is
supermassive black hole, containing the mass of ~ the closest galaxy to the Milky Way.

4.3 million solar masses where the gravity is so strong that even light cannot escape. In
the known universe, there are approximately 10!! galaxies, all ruled by gravity. Although
the gravitational force is still not fully understood, the starting point is an understanding
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3A GRAVITY AND GRAVITATIONAL FIELDS @

of the law of gravitation, developed by Isaac Newton. An understanding of gravity is
fundamental to understanding the universe.

There have been numerous theories of gravitation since ancient times. The first sources
that discuss gravitation are the works of the ancient Greek philosopher, Aristotle

(400 BC). In the 7th century, the ancient Indian astronomer, Brahmagupta, wrote of
gravity as an attractive force. In the early 17th century, Galileo Galilei had found that all

objects tend to accelerate equally in free fall under the influence of gravity. By the middle

of the 17th century, Isaac Newton had formulated his law of universal gravitation.

In Australia, Aboriginal and Torres Strait Islander peoples have held a practical
understanding of gravity for approximately 50000 years. Throwing spears and
boomerangs uses a knowledge of both contact and non-contact forces. In addition
to Aboriginal and Torres Strait Islander peoples’ mastery of the practical physics of
projectile motion (Figure 3A-2), they were aware of the Moon’s influence on tides.

For example, the Yolngu people of the Northern Territory have detailed stories that
explain the phases of the Moon and accurately link the Moon with the changing tides.
Since the Yolngu people rely on the sea for many resources, they have developed an
in-depth knowledge of tides, including the ability to interpret the phases of the Moon in
ways that allow the prediction of ocean phenomena, such as the time and height of the
next tide. In contrast, the great 17th century Italian astronomer Galileo Galilei did not
believe that the Moon was in any way connected to tidal phenomena.

-

Figure 3A-2 Aboriginal and Torres Strait Islander peoples’ mastery of practical physics
principles, for example in throwing boomerangs, is part of traditional hunting techniques.
Members of the Tjapukai Dance Theatre, pictured here, recreate these techniques in their
performances.

EXPLAIN

Gravitational fields

Attraction between masses occurs without the need for physical contact. This is called
‘action at a distance’ In 1849, the famous English scientist Michael Faraday, while working
on understanding the nature of electromagnetism, proposed the concept of a field.
Faraday’s ‘field’ referred to ‘a region in the vicinity of a magnet affected by some force’

ISBN 978-1-009-25901-9 Eddy de Jong et al
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VIDEO 3A-1
GRAVITY AND
GRAVITATIONAL
FIELDS

Field

a region where
an object feels

a force, such as
gravitational,
electric or
magnetic; more
precisely defined
as a physical
quantity that has
a value at each
point in space
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@ CHAPTER 3 GRAVITY

Scalar field

an assignment of
a scalar to each
point in a region
in the space

Vector field

an assignment of
a vector to each
point in a region
in the space

Field line

a line drawn to
represent the
strength of a
field with arrows
to indicate
direction. Field
lines that are
closer together
indicate a
stronger field.

Monopole

an object that
is either the
source of a field
(meaning the
field lines point
away from it)

or the sink of a
field (meaning
the field lines
point towards it)

Dipole

a source and a
sink of a field
that are paired
together

Gravitational
monopole

mass, as it
always has

the field lines
pointing towards
it, because
gravity is an
attractive force

ISBN 978-1-009-25901-9

A field is more precisely defined as a
physical quantity that has a value at
each point in space. For example, in
various sports, ‘heat maps’ are used as
an indicator of the range and frequency
of a player’s movement during a game
(Figure 3A-3). They provide coaches
with valuable analytical information.
This is an example of a scalar field.

In contrast, gravitational, electric and
magnetic fields are all vector fields; they
give both an indication of the value of
the strength of the field at each point in
space and also the direction of the field

at that point. For example, the arrows in

the two-dimensional representation
of the magnetic field of a bar magnet
(Figure 3A—4) show the direction

of the field and the density of the
lines (how close together the lines
are) indicates the relative strength
of the field.

The conventions for vector fields are
that the field lines are drawn with
arrows to indicate the direction of
the field; field lines that are closer
together indicate a stronger field

and field lines further apart indicate

a weaker field. Field lines never
intersect or touch, if they did it would
indicate a point where the field would
point in two different directions
simultaneously.

A monopole is an object that is either
the source of a field (meaning the
field lines point away from it, see
Figure 3A-5 left) or the sink of a field
(meaning the field lines point towards
it, see Figure 3A-5 right), but not
both. A dipole describes a source and
a sink that are paired together, as in
the diagram of the magnetic field of
the bar magnet (Figure 3A—4). Mass is
a gravitational monopole and looks like
Figure 3A-5 on the right, as gravity is
always an attractive force.

Eddy de Jong et al

Figure 3A-3 An impression of a heat map
depicting the range and frequency of a soccer
player's movement during a game. Warm colours
(red, orange, yellow) represent areas with higher
frequency of occupation while the cool colours
(green, blue) represent areas with lower frequency
of occupation.

Figure 3A-4 The arrows in the two-dimensional
representation of the magnetic field of a bar magnet
show the direction of the magnetic field, while the
density of the lines (how close together the lines are)
indicates the relative strength of the magnetic field.

Figure 3A-5 A monopole is an object that is either the
source of a field (left), meaning the field lines point
away from it, or the sink of a field (right), meaning

the field lines point towards it. Mass is a gravitational
monopole, as gravity is always an attractive force (right).
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3A GRAVITY AND GRAVITATIONAL FIELDS @

For a mass, M, there is a gravitational field in the space around it (Figure 3A—6 left) such
that if a second mass, m, is placed in that space, it will experience a gravitational force, F o
towards mass M. This is shown in Figure 3A—6 below.

—_— - —_—l -
\— Field lines /

Figure 3A-6 A gravitational field in the space around a mass M (left); if a second mass (m) is
placed in that space, it will experience a gravitational force Fg towards M (right).

A gravitational field is the force field
that exists in the space around every
mass or group of masses. This field
extends out in all directions, but

the magnitude of the gravitational
field decreases as the distance from
the object increases. Because the
gravitational field gets weaker the

further out it is from the mass, the
field is described as a non-uniform
gravitational field.

The gravitational field strength is
measured in units of force per mass,
newtons per kilogram (Nkg™1). It is
also given its own special symbol, g.
Figure 3A-7 shows the circles of equal
gravitational field strength encircling
Earth.

Figure 3A-7 Circles of equal gravitational field
strength (dashed lines) encircling Earth and direction
of the force of gravity (arrows)

Close to Earth’s surface, the

gravitational field can be approximated as being uniform. A uniform gravitational field is
shown in Figure 3A—8. A uniform field is a field that has a constant strength and direction
at all points. When representing a uniform field, all lines are evenly spaced and parallel

to each other. As Figure
3A-8 shows, the parallel
property of the forces is
an approximation that
holds for force lines
near each other. In fact,
they point very slightly
towards each other, but
this can be ignored for
most localised

practical purposes.

Figure 3A-8 An example of a uniform gravitational field close to
Earth’s surface
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Gravitational
field

the region
around an
object where
other objects
will experience
a gravitational
force

Gravitational
force

the force of
attraction acting
between two
objects that
have mass

Non-uniform
gravitational
field

a gravitational
field where the
strength and
direction of the
field vary

Gravitational
field strength
the strength of
gravity measured
in newtons per
kilogram (N kg?)

g

symbol used to
represent the
gravitational
field strength

Uniform
gravitational
field

a field that
has a constant
strength and
direction at all
points
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@ CHAPTER 3 GRAVITY

The average magnitude of the uniform gravitational field strength measured across

the surface of Earth is 9.81 Nkg~!. On the surface of Earth’s Moon, the average value

of the gravitational field strength is 1.61 Nkg~!. Table 3A~1 shows the average surface
gravitational field strength, g, for the planets, our Moon and the Sun in our solar system,

Gravimeter
used for
petroleum
and mineral
prospecting,
seismology,
geodesy

and other
geophysical
research. Its
fundamental
purpose is to
map the gravity
field in space
and time.
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in ascending order.

Figure 3A-9 Astronaut Buzz Aldrin stands beside the lunar module on the Moon, where the
gravitational field strength is only 1.61 Nkg! (~ one-sixth of that on the surface of Earth)

The gravitational field, g, varies by about
0.5% depending on the location on
Earth’s surface. It is 9.77 Nkg™! at the
top of Mount Everest and 9.83 Nkg! at
the poles. Local variations of a few parts
per million are caused by variations in
the density of Earth’s crust. For example,
the field is slightly stronger than average
over substantial subterranean lead
deposits. Large caverns that may be
filled with natural gas have a slightly
weaker gravitational field. Geologists
and prospectors of oil and minerals
make extremely precise measurements
of Earth’s gravitational field using

a gravimeter to predict what may be
beneath the surface.

Table 3A-1 Surface gravitational field strength for
the planets, our Moon and the Sun in our Solar
System, in ascending order

Body g(Nkg?)

Moon 1.6
Mercury 3.6
Mars 3.7
Uranus 8.7
Venus 8.9
Saturn 9.0
Earth 9.8
Neptune 11.0
Jupiter 23.1
Sun 274

Source: https://cambridge.edu.au/redirect/10075
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3A GRAVITY AND GRAVITATIONAL FIELDS @

Using gravity mapping to study climate change Period
NASA has mapped Earth’s gravity (Figure 3A—10) using the GRACE (Gravity Recovery and FngLrgiétmtg'l‘;Se
Climate Experiment) twin spacecraft that flew in tandem for 15 years around Earth in a orbit

polar orbit with a period of 99 minutes and completed almost 80000 orbits.
Its mission was to study key changes in the planet’s waters, ice sheets and the solid Earth.

GRACE measured changes in the local pull of gravity as water shifts around Earth due

to changing seasons, weather and climate processes. Among its innovations, GRACE

has monitored the loss of ice mass from Earth’s ice sheets, improved understanding of
the processes responsible for sea level rise and ocean circulation, provided insights into
where global groundwater resources may be shrinking or growing and where dry soils are
contributing to drought, and monitored changes in the solid Earth.

Figure 3A-10 NASA’s mapping of variations in Earth’s gravitational field. Mountain ranges, such
as the Himalayas, have a high concentration of mass and therefore a stronger gravity field. Warm
colours (red, orange, yellow) represent areas with stronger gravity. Cool colours (green, blue)
represent areas with weaker gravity.

Check-in questions — Set 1

1 Why are gravitational fields designated as vector fields? Give an example.
2 What is a uniform gravitational field?
3 Why did NASA use the GRACE satellites to map minute changes in Earth’s gravity?
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Inverse square
law

the relationship
between two
variables

where one is
proportional to
the reciprocal
of the square of
the other

Gravitational
constant, G
the universal
gravitational
constant. It
has a value of
6.67 x 10711
Nm2kg2

ISBN 978-1-009-25901-9

The inverse square law

In a three-dimensional space, point source radiators of energy (e.g. light from the Sun) that
spread uniformly in all directions, follow an inverse square law (Figure 3A—11). Gravity is
no exception.

Energy = £

r=1 5
Area=1 = r=3

Source

Intensity =1—€
- E
Intensity = g

. E
Intensity = pe

Figure 3A-11 Light radiating out from a source is shown passing through ‘frames’ at single, double
and triple distances; the individual frames are the same size, and so they represent units of area.
Close to the source, at a radius of r= 1, the light energy intensity is E, but further away, at r= 3, the

light energy intensity is now one-ninth as strong (3—'2).

The strength of a gravitational field, g, decreases with the square of the distance, r, from the
mass, M, that is creating the gravitational field (Figure 3A—12). This was demonstrated by
Isaac Newton in 1666 by analysing the data Johannes Kepler has amassed concerning the
orbits of the planets around the Sun. This is expressed in Formula 3A-1.

Formula 3A-1 Gravitational field strength

M M
gc— org=G—
r r

Where:
g = Gravitational field strength (Nkg™! or ms™2)
G = Universal gravitational constant, 6.67 x 101! Nm2?kg2
M = Mass (kg)
r = Distance from the mass (m)

Substituting data values of 6.37 x 10° m for the radius of Earth, R, and 5.97 x 10%* kg for
M
the mass of Earth into Formula 3A-1, g =G —, gives:
r
o (5.97x107)
g=(667x10") ]
(6.37x10°)

=9.81 Nkg!

which is a familiar number and is equivalent to the average gravitational field strength
measured at Earth’s surface.
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Treating the mass of Earth as being a point mass, then at Earth’s surface, which is at radius
R, from the centre of Earth, the gravitational field is g and equal to 9.81 Nkg. Using the

inverse square law at two Earth radii (2R}), g= % =2.45 Nkg™! and at three Earth radii

(BRp), g= % =1.09 Nkg.

7]

(g

32
The International Space Station (Figure 3A—13) is in orbit at a height of 408 km above
Earth’s surface. It is in a weaker gravitational field than Earth’s surface gravitational field

M
0f 9.81 Nkg™'. The formula ¢ =G —- can be used to determine the exact value of the
r

gravitational field strength at the International Space Station. This is shown in Worked
example 3A-1.

s i . " PR e

Figure 3A-13 The International Space Station is in orbit at a height of 408 km above Earth’s surface
and therefore in a slightly weaker gravitational field.

Point mass

an ideal
situation in
which all of

the mass on

an object is
considered to be
concentrated at
a single point

Figure 3A-12 Gravity from a point
mass varies with the inverse square
law as you move away from it. This
diagram is similar to Figure 3A-11,
and the individual frames are,
again, the same size. At Earth’s
radius, R, the gravitational field,
g, is 9.81 Nkg!. Further away, at
a distance of 3R, the gravitational

field is now one-ninth as strong
5), 50 gis 1.09 Nkg!.
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Worked example 3A-1 Calculating gravitational field strength

Calculate the magnitude of the gravitational field at the International Space Station
(ISS), in orbit at a height of 408 km above Earth’s surface. Use the following data:
Radius of Earth, R, = 6.37 x 10° m
Mass of Earth, M =5.97 x 10** kg
G =6.67 x 1071 Nm?kg2

Solution
Orbital radius Determine the orbital radius in metres.
the distance
that the satellite orbital radius of ISS = (6.37 x 10°) + (4.08 x 10°) =6.778 x 10° m
is f h
:;senrt(;?gf ,enass Substitute the data into the equation for the gravitational field strength.
of the body it M
is orbiting g= G—2
r
(5.97 x 102 )
= (6.67><10‘” ) -~~~
(6.778 x 10° )

= 8.67 Nkg!

Figure 3A—14 shows the graph of the gravitational field strength plotted against distance
above Earth’s surface to a distance of ~6 Earth radii (6R}). Earth is treated as a point mass
here. Note that at 2R, the gravitational field strength is now one-quarter of that at Earth’s
surface (2.45 Nkg™') and at 3R, it is one-ninth (1.09 Nkg™!), as shown previously.

9.8

O
N

©
0

Acceleration due to gravity, g (N kg~1)

(o]

o

Distance above Earth’s surface, R (Earth radii, Rg)
@ Figure 3A-14 Graph of the gravitational field—distance for Earth (value of acceleration due to gravity,
s g, plotted against distance, R, above Earth’s surface, in units of Earth radii, Rp)

Force due to gravity
The gravitational force acting on an object can be determined by multiplying the mass of
the object by the gravitational field strength at that point (F, = mg).

In a uniform gravitational field close to Earth’s surface where g=9.8 Nkg™}, it is easy to
calculate the force acting on any mass. See Worked example 3A-2.
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Worked example 3A-2 Calculating gravitational force

Calculate the gravitational force acting on a 60.0 kg physics student close to Earth’s surface.

Solution
E = Mg
=(60)(9.8)
=588 N

If the gravitational force is the only force acting
on an object (F, .= F_.), then mg = ma. This
means that g = a (that is, the gravitational field
strength and the acceleration are equivalent).
For this reason, g also gives the size of the
acceleration due to gravity; the unit of ms=2is

considered an equivalent unit to Nkg1.

If no other forces such as air resistance are
acting, all objects close to Earth’s surface will
fall at the same acceleration rate regardless

of their mass. Galileo originally discovered
this in the mid-17th century. This is easily
demonstrated by dropping a coin and a feather
in an air chamber and then in a vacuum
chamber (Figure 3A—15). In air, the coin easily
beats the feather because of the air resistance
acting on the feather. However, when virtually
all the air is removed from the chamber, both
land at the same time. This was demonstrated
on the airless Moon when astronaut David
Scott dropped a feather and a hammer at the
same time. Both objects fell at the same rate
and landed on the Moon’s surface at the same
time. A video showing this experiment can

be found by searching ‘David Scott does the
feather hammer experiment on the moon’ on
the internet.

The normal force in gravitational fields
We do not directly feel the force of gravity, F o
Instead, we feel normal forces that give us a
sense of gravity. The normal force, Fy, is what
keeps us from sinking into the ground; we
experience the force of gravity and yet if we

are on firm ground we aren’t pulled by gravity
into Earth’s crust. This is because the object we

stand upon provides an equal but opposite force

on our feet: F = —Pg (Figure 3A-16).
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In air In vacuum

Figure 3A-15 Removing the effect of air
resistance shows that a coin and feather
both accelerate at a rate of 9.8 ms=2.

Figure 3A-16 We do not fall through the
solid floor because the normal force, Fy,

provides an equal and opposite force to the

gravity force, Fg, pulling us down: F = —Fg.

Photocopying is restricted under law and this material must not be transferred to another party.

Acceleration due
to gravity

rate at which a
falling object
will accelerate
in a gravitational
field. Equivalent
to the
gravitational
field strength;
measured in
ms2

NOTE

Aristotle’s
teaching

that heavier
objects
always fall
faster than
light ones
was accepted
for almost
2000 years. It
is an idea still
commonly
held today.
What is not
commonly
understood is
that it is only
the effects of
air resistance
that produce
a variation

in the rate at
which objects
can accelerate
down towards
Earth.

Normal force
the force that a
surface applies
to a body in
contact with

it. The force is
always applied
perpendicular
to the surface
and prevents
the body falling
through the
surface.

© Cambridge University Press & Assessment 2023



@ CHAPTER 3 GRAVITY

Newton’s law
of universal
gravitation

the attractive
gravitational
force between
two masses,
whose centres
of mass are

a distance r
apart, is directly
proportional to
the product of
their masses
and inversely
proportional to
the square of
the distance
between the
masses

Newton’s third
law

when object A
exerts a force

on object B,
object B exerts
an equal and
opposite reaction
force on object A

1A NEWTON'S
LAWS

ISBN 978-1-009-25901-9

Check-in questions — Set 2

1 An asteroid is observed at a distance of 9.00 R;. above the surface of Earth. Calculate the
strength of the gravitational field acting on the asteroid.

Use g=9.81 Nkg! at Earth’s surface.

N

Two different masses, a 1.0 kg steel ball and a 2.0 kg steel ball, are dropped from a small
height above the ground and are observed to land at the same time.

a Why is this so?

b What is an important consideration that makes them land at the same time?
Explain in terms of forces why do we not fall through a strong solid floor.

w

Newton’s law of universal gravitation o
Combining the general formula for gravitational field strength (Formula 3A-1), g=G E

with the formula for the gravitational force acting on a mass, F, o = Mg, gives Formula 3A-2.

Formula 3A-2 Newton’s law of universal gravitation

m,m
— 17772
F,=G—1

Where:
F, = Force due to gravity (N)
G = Universal gravitational constant, 6.67 x 107! Nm?kg2
m, = Mass of the first object (kg)
m, = Mass of the second object (kg)
r = Distance between the centres of mass of 7, and m,, (m)

This is known as Newton’s law of universal

gravitation, which establishes the magnitude of the

gravitational force acting between any two masses

(m, and m,) whose centres of mass are a distance r

apart (Figure 3A-17). F

Note that the forces acting on both masses are 4
exactly the same magnitude but in opposite

directions. This is a direct consequence of Newton's

third law. It is also why Newton’s discovery was ﬁﬁj

not just that Earth’s gravity created a force on an ¥
apple that pulled it straight down to Earth, but
that the apple’s gravity created an equal force on
Earth to pull Earth straight up! The apple will
accelerate down to Earth at 9.81 ms~2, while
Earth will accelerate up towards the apple with an mlmz.

acceleration of 1.67 x 1072* ms~2, This interaction r

is not practically detectable from the point of view of seeing Earth accelerate upwards
towards the apple. However, considering the interaction between the Moon and Earth; the
force of Earth on the Moon causes it to orbit Earth, while the equal size force of the Moon
on Earth is noticeable in the tides in large bodies of water on Earth.

Figure 3A-17 Newton’s law of universal
gravitation states that the magnitude of
the gravitational force acting between
any two masses, m; and m,, whose
centres of mass are a distance, r, apart

is given by Fg =G

Eddy de Jong et al
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Newton believed that the force of attraction between Earth and the apple, and Earth

and the Moon was the same kind of force. He reasoned that the Moon continuously falls

towards Earth instead of travelling off into space (Figure 3A—18). Earth’s gravity provides
a centripetal force on the Moon that maintains its circular path around Earth. The Moon’s

Centripetal force
a net force
directed to the
centre of the
circular path of
an object

centripetal acceleration towards Earth can be calculated by observing its orbit. Newton

calculated the centripetal acceleration of the Moon from observation. He used the value

of 60 for the ratio of the radius, 7, of the Moon’s orbit to Earth’s radius, which gave him

a figure equivalent to 3.82 x 108 m. He used 27 days, 7 hours, 43 minutes for the Moon’s
period of orbit converted into 2.36 x 10° seconds. Therefore, the centripetal acceleration of

the Moon as calculated by Newton is:
Ax’r
a= e
47> (3.82 x 108)

2
(2.36 « 106)
=272 x 103 ms2

This value of the centripetal acceleration of the Moon
that Newton calculated helped him to convince his
colleagues that the force of gravity on the apple and the
Moon was the same force, but just diluted by distance in
the case of the Moon. In fact, Newton reasoned that it
had to be an inverse square dependence on separation,
because:

G 272X 107
Zapple 9.8
1
" 3600
1
T 60>

Centripetal
acceleration
acceleration
directed to the
centre of the
circular path of

an object
e RN Path of
, Moon ,
e N Moon if
7 _ NS . .
K Fe . itdid not
/ Vv oWall

IR
’
.
L’
’
,

\\\ ,,’, Path Of
N “ “falling’ Moon

~ -

Figure 3A-18 The gravitational pull of Earth
keeps the Moon ‘falling’ towards it and
moving in a circular orbit. If gravity suddenly
disappeared, the Moon would move along a
straight line, travelling out into space along a
tangent to the circle.

In a similar manner, the motion of the planets around the Sun, and the interaction of the
planets on each other, could then be understood using Newton’s law of universal gravitation.

The gravitational attractions of the Sun on the planets
and the planets on each other explained almost all the
features of their motions. However, the motion of Uranus
could not be explained by the gravitational interactions
caused by Saturn, Jupiter and the other planets. Two
19th-century astronomers, John Couch Adams and
Urbain-Jean-Joseph Le Verrier, independently deduced
the existence of an unseen eighth planet that could
explain the observed discrepancies. Using Newton’s law
of universal gravitation, they independently calculated the
position of this ‘new’ planet. The new planet, which could
only be observed using telescopes, was found in 1846

in almost the same predicted position and was named
Neptune, after the Roman god of the sea.
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Figure 3A-19 The planet Neptune's very
existence was discovered using Newton's law
of universal gravitation.
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CHAPTER 9

WORKSHEET 3A-1
GRAVITY AND
GRAVITATIONAL
FIELDS

VIDEO 3A-2
SKILLS: USING
THE INVERSE
SQUARE LAW
FOR GRAVITY
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Newton’s gravitational discoveries gave a theoretical underpinning to Kepler’s detailed
planetary observations. Table 3A-2 gives some modern values for various bodies in our
solar system.

Table 3A-2 Solar system data on mass, radius of body, mean radius of orbit and period of revolution

Mass (kg) Radius (m) Mean orbital radius (m) Orbital period (s)

Sun 1.99x 10 | 6.96 x 108 - -

Mercury 330 x 102 |2.44x10° 5.79 x 1010 7.60 x 108
Venus 4.87x 1024 6.05 x 100 1.08 x 10! 1.94 x 10/
Earth 597 x 10#* | 6.37 x 100 1.50 x 101! 3.16 x 107
Mars 6.42 x 1023 | 3.40 x 106 2.28 x 101! 5.94 x 107
Jupiter 1.90 x 10%/ 7.15 x 107 7.78 x 101! 3.74 x 108
Saturn 5.68 x 106 | 6.03 x 107 1.43 x 1012 9.29 x 108
Uranus 8.68 x 10 | 2.59 x 10/ 2.87 x 1012 2.64 x 107
Neptune 1.02 x 10% 2.48 x 107 4.50 x 1012 5.17 x 107
Pluto 1.30 x 10%? 1.88 x 10° 5.91 x 10%? 7.82 x 107

However, precise measurements of the motion of the innermost planet, Mercury, showed
it ‘wobbled’ faster than could be accounted for from the gravitational interactions of all

the other known planets. Astronomers searched in vain for other bodies that could explain
this discrepancy that threatened to undermine Newton’s law of universal gravitation. The
issue was only resolved in 1915 with Einstein’s publication of his theory of general relativity.
Einstein’s theory precisely predicted the observed behaviour of Mercury’s orbit and refined
Newton’s law of universal gravitation.

Check-in questions — Set 3

1 Earth exerts a gravitational force on the Moon, keeping it in its orbit. With reference to
Newton’s third law, the reaction to this force is the
A centripetal force on the Moon.
nearly circular orbit of the Moon.
gravitational force on Earth by the Moon.
tides due to the Moon.
Calculate the magnitude of the attractive force between two physics students,
modelled as point masses, each of mass 60 kg, sitting 1.0 m apart.
How does this compare to the magnitude of the attractive force of one of these
students to Earth? Use mass of Earth, Mg =6.0 x 1024 kg.

3A SKILLS

Using the inverse square law for gravity

The inverse square law for gravity is still very useful in determining the gravitational
field strength at another location if the gravitational field strength at a particular
location is known, but the mass of the object creating the field is not known.

N
Y OO W

(op

For example, to find the gravitational field strength of a satellite that has been placed
in orbit around the planet Mars, only Mars’ surface gravitational field strength and the
ratio of radii is needed.

Eddy de Jong et al
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The satellite is launched into orbit around Mars at an altitude of 300 km above the
surface of Mars.

Mars’ surface gravitational field strength is 3.72 Nkg~!. The radius of Mars is 3390 km.

To determine the magnitude of Mars’ gravity at the orbital height of the satellite, use
the ratio:

§°° %
First, find the radius of orbit, o
r,=3390 + 300 = 3690 km
Using the radius of Mars, 7ot and the radius of the orbiting satellite, 7. determine the
gravitational field strength by substituting into:
&x o
Notice the mass of Mars, M, can be ignored as it cancels out in the equations.

3390
As o — (Im) _ (
ro

2
—j , the gravitational field strength at the radius of the orbiting
<. 3690

satellite, r,, is:

3390\
g,=372| 5o~ | =3.14Nkg!

3690
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Section 3A questions

Multiple-choice questions

1 Which one of the following correctly describes Earth’s gravitational field?
A Tt is a repulsive dipole.
B It is an attractive dipole.
C Itis arepulsive monopole.
D Itis an attractive monopole.

2 How far above the Moon’s surface will the gravitational force on a mass be one-quarter
of that on the surface? Take the Moon’s radius as R, .

RM

2
B Ry,

C 2R,
D 4R,

3 Use the data in the table below to answer the following question.

Mass of Mercury 3.34 x 1023 kg
Radius of Mercury 2.44 x 10°m
Universal gravitational constant, G | 6.67 x 10711 N m? kg2

The gravitational field strength at the surface of Mercury is close to

A 9.00 x 105 Nkg !
B 9.81 Nkg!

C 3.74Nkg!

D 3.74 x 1072 Nkg!

VCAA NHT 2018
4 Which one of the following correctly describes the force that keeps the Moon in orbit
around Earth?
A centripetal force
B centrifugal force
C gravitational force
D centripetal force and gravitational force acting together

5 Jupiter’s moon Ganymede is its largest satellite.
Ganymede has a mass of 1.5 x 10?2 kg and a radius of 2.6 x 10° m.
Which one of the following is closest to the magnitude of Ganymede’s surface gravity?

A 0.8ms
B 1.5ms™2
C 3.8ms™2
D 9.8ms™2
VCAA 2020

Short-answer questions
6 Draw a diagram depicting the gravitational field monopole surrounding a spherical mass.

7 Determine each of the gravitational forces acting on a 60 kg person when standing on
the surface of Earth, the Moon, Mars and Neptune. Use the gravitational field strengths
for the planets and the Moon shown in Table 3A-1.
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8 The diagram shows a satellite in orbit above
Earth at an altitude of 250 km. Take the
radius of Earth as 6400 km, the mass of
Earth as 6.0 x 10%* kg and the value of
G as 6.67 x 1071 Nm?kg2.
a Calculate the magnitude of the acceleration
due to gravity at this orbital height.
b Calculate the orbital speed of the satellite.
¢ Calculate the period of the satellite.
9 A box of mass 20 kg sits at rest on the floor
as shown.
a What is the magnitude and direction of the normal force acting on the box?

Use g=9.81 Nkg! at Earth’s surface.

Ib Satellite

b Draw on a copy of the diagram where the gravitational force (Fg) and the normal
force (F) act on the box.
10 The astronaut David Scott simultaneously dropped a feather and a hammer from the
same height while standing on the Moon. Both objects landed on the Moon’s surface at
exactly the same time. The mass of the hammer was 2000 times the mass of the feather.
a Explain why they both landed at the same time on the Moon’s surface, despite
the gravitational force acting on the hammer being 2000 times greater than the
gravitational force acting on the feather.

b Why would this experiment not work if you tried it on the school oval? Which
object would land first and why?

11 The gravitational field at the surface of the Sun is 242 Nkg™!. A comet is at a distance
from the centre of the Sun by a factor of 100 times the radius of the Sun. What is the
strength of the gravitational field from the Sun at the comet’s location?

12 Calculate the gravitational field strength on the surface of Mars if it has a mass of
6.4 x 10?3 kg and a radius of 3400 km.

13 a Use Newton’s law of universal gravitation (Formula 3A-2) and the data in

Table 3A-2 to calculate the magnitude of the force that Earth exerts on the Moon.
b How does your answer compare to the magnitude of the force that the Moon exerts
on Earth? Explain.

14 A spacecraft with astronauts on board is in orbit around Mars at an altitude of 1.6 x 10° m
above the surface of Mars.

The mass of Mars is 6.4 x 10?3 kg and its radius is 3.4 x 10® m.

Take the universal gravitational constant, G, to be 6.7 x 101! N m? kg2,

The mass of the spacecraft is 2.0 x 10* kg.

a Calculate the period of orbit of the spacecraft around Mars. Show your working.

b The altitude of the spacecraft above the surface of Mars is doubled so that the
spacecraft is now in a new stable orbit.

Will the speed of the spacecraft be greater, the same or lower in this new orbit?
Explain your reasoning.

VCAA NHT 2019
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v

Study Design:

e |nvestigate and compare theoretically and

practically gravitational fields
fields about a point mass
with reference to:

- Gravitational potential energy

Glossary:
Gravitational potential energy
Work

» potential energy changes (qualitative)

associated with a point mass
moving in the field

e Analyse the use of gravitational fields to

accelerate mass, including:

» potential energy changes in a uniform

gravitational field: Eg = mgAh

e Analyse the change in gravitational potential
energy from area under a force vs distance
graph and area under a field vs distance

graph multiplied by mass

ENGAGE

Roller-coasters

Roller-coasters entertain riders by
providing them with stomach-churning
accelerations, high speeds, dramatic climbs,
huge drops and twists through inverted
loops, barrel rolls, and banked turns.
Roller-coasters are designed with both high
precision and safety to juggle kinetic energy,
gravitational potential energy and energy
losses due to friction.

One such ride is the Kingda Ka, the tallest
roller-coaster in the world and the fastest

in North America. The roller-coaster leaves
the station going from 0 to 200 km h~!

in 3.5 seconds (maximum kinetic energy

at this point) and then shoots almost
straight up to a height of 142 m (maximum
gravitational potential energy at this

point — see the coaster heading to the

top in Figure 3B—1). Once at the top, the
roller-coaster plummets straight back down
in a 270-degree spiral and finishes off with a
40 m camel hump.

ISBN 978-1-009-25901-9 Eddy de Jong et al

Figure 3B-1 Kingda Ka, the tallest roller-
coaster in the world, juggles kinetic energy,
gravitational potential energy and energy
losses due to friction to provide safe
entertaining rides.
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EXPLAIN
Gravitational potential energy in a uniform field
The concept of gravitational potential energy, Eg, will be familiar to you from Chapter 2. f\w%ev

Land diving is a ritual performed by the men of the southern part of Pentecost Island,

Vanuatu. Men jump off wooden towers up to 30 m high from jumping platforms Gravitational

potential energy

constructed at the 10 m, 20 m and 30 m positions. They dive with just two tree vines the amount of
wrapped around the ankles, designed to pull them up before they crash into the ground g s dblECt
(Figure 3B-2). The Pentecost Islander land divers aim to get as close as they can to to its position in
the ground without actually hitting it. Therefore, the higher the jump, the greater the g eglﬁv'tat'onal

gravitational potential energy a land diver will have. This is shown in Formula 3B-1.

Formula 3B-1 Gravitational potential energy

E, = mgAh

Where:
E = Gravitational potential energy (J)
m = Mass (kg)
g = Acceleration due to gravity, 9.8 ms~2 on the surface of Earth
Ah = Change in height (m)

Figure 3B-2 Pentecost Islander land divers jump off wooden towers up to 30 m high, with just two
tree vines wrapped around the ankles designed to pull them up before they crash into the ground.
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Worked example 3B-1 Calculating gravitational potential energy

Three land divers climb the tower shown in Figure 3B-2.

Kaikoa, of mass 80 kg, goes to the 10 m platform. Aukia, of mass 40 kg, goes to the 20 m
platform. Laki, of mass 60 kg, goes to the 30 m platform.

Use g =10 ms~2at the surface of Earth.

a Calculate the gravitational potential energy for each land diver.
b Explain the E_values for Kiakoa and Aukia, given that Aukia is at twice the height
of Kaikoa.

Solution
a UseE, = mgAh.
Kaikoa: Eg =80 x 10 x 10=8000]
Aukia: Eg =40 x 10 x 20=8000]
Laki: Eg= 60 x 10 x 30=18000 ]

b Although Aukia is at twice the height of Kaikoa, he is half of his mass. Therefore, they
both have the same gravitational potential energy.

Formula 3B—1 works well in uniform gravitational fields, such as those close to Earth’s
surface (g=9.8 ms™2) or close to the Moon’s surface (g= 1.6 ms™2).

Work The formula for gravitational potential energy comes from the concept of the work done
E?eeﬁ?rgy nt against the force of gravity being converted into potential energy:
transferred
from one object : : : :
o system to Formula 3B-2 Change in gravitational potential energy
AE, =W =Fd=mgd
Where:
AE, = Change in gravitational potential energy §))
W = Work done (])
F, = Force due to gravity (N)
d = Distance moved in the gravitational field (m)
m = Mass (kg)
g = Acceleration due to gravity, 9.8 ms~2 on the surface of Earth
The force—distance graph for the land diver Laki (F = mg = 600 N) as he climbs the tower
distance of 30 m is shown in Figure 3B—3. The area under the graph (600 x 30 = 18000 J)
indicates work done and therefore also gives the change in gravitational potential energy.
600
z
@ 300
E ]
7 : Figure 3B-3 The area under the force—distance
0 T T 1 graph (600 N x 30 m = 18000 J) indicates the
0 10 20 30 work done and is therefore also the change in
Distance (m) Laki's gravitational potential energy, AE,.
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Calculating work done and change in gravitational potential energy

for non-uniform gravitational fields

For a mass that moves large enough distances away from Earth, where the gravitational field
can no longer be considered uniform, the change in gravitational potential energy has to be
determined by estimating the area under a gravitational force—distance graph.

When the force due to gravity is the only 200
force acting on an object, the work done, Ik
W, and the change in gravitational potential 160 |
energy, AE, are equal in magnitude. AE, o i :
found as the area under a force—distance <1
graph using a method of approximation by & 120 S :
counting squares. 9 5 :

= (]
Figure 3B—4 shows the force acting on a £ 80 é :
20 kg mass as it moves from a position Al \
8000 km to a position 16000 km from 40 I \

L] \

the centre of Earth. : N
To estimate AE , it is necessary to count 0 1
squares, adding up estimated fractions of 0 4 ) 12 16 20
squares. The area is ~12.5 squares. Distance from centre of Earth (106 m)
Each square represents 20 N x 2 x 10° m Figure 3B—4 Force—distance graph for a 20 kg mass @

=4.0 x 10”7 ] or 40 MJ.
Total AEg =12.5 x 4.0 x 107 =50 x 107 J or 500 MJ.

Usually, there is an allowance for a small variation in the number of squares counted, so a
range of values from 45 x 107 J to 55 x 107 ] is acceptable.

Using area under a gravitational field—distance graph multiplied by mass

Similarly, the change in gravitational potential energy can be calculated from the area under a

field—distance graph multiplied by the mass 10

of the object that is moving through the field
(Figure 3B-5). Both of these methods of k
determining gravitational potential energy 8 : \
are necessary when considering the motion I
of objects like rockets that travel to high ~ 6 : \
altitudes or natural satellites, such as the _IQ" :
Moon, and artificial satellites, such as the = |
International Space Station. % 4 :
Gravitational field—distance graphs are : ‘\
independent of the mass of an object within 2 i N
the field, and only depend on the mass of : S~
the gravitational body creating the field. 0 !
The same procedure is used for determining 0 4 FRe g 12 16 20
change in gravitational potential energy for Distance from centre of Earth (108 m)
Figure 3B—4, except that it is important that  Figure 3B-5 Graph of the gravitational field strength plotted
the mass of the object in the gravitational against distance above Earth’s surface (R represents the radius
field is accounted for in the calculations. of Earth)
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e
POTENTIAL ENERGY
1 Jane lifts a 20.0 kg barbell in the gym vertically up by a distance of 2.00 m. Calculate the
gain in gravitational potential energy for the barbell.
Use g=9.81 Nkg! at Earth’s surface.
2 Use the gravitational field—distance graph for Earth (Figure 3B-5) to answer the
questions below.
a A 20 kg mass moves from a point 12 x 10° m from the centre of Earth to a point
20 x 10° m from the centre of Earth. Estimate the change in gravitational potential
energy for the 20 kg mass.

b How would your answer change if it were a 2.0 tonne satellite that was moved instead
of a 20 kg mass?

VIDEO 3B -1
SKILLS:

INTERPRETING
GRAVITATIONAL 3B SKILLS
FORCE-DISTANCE
GRAPHS Interpreting gravitational force—distance graphs

Question

A 700 kg spacecraft is launched from Earth on a journey to a distant planet. The graph
of the gravitational force acting on the 700 kg spacecraft plotted against height above
Earth’s surface is shown below.

7000
6000
5000

4000

Force (N)

3000

2000

1000

0
0 3 6 9 12 15 18 21 24 27
Height above Earth’s surface (108 m)

Surface of
Earth

a From the graph, determine the approximate value of the gravitational force acting on
the spacecraft at a height of 1.5 x 10’ m.

b Estimate the minimum launch energy needed for the spacecraft to effectively escape
Earth’s gravitational attraction.
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Solution
a ~500 N. See the dotted line on the graph below. Note that 1.5 x 107 m is the same as
15 x 10° m.
7000
6000 ~
5000
Z 4000
S
S 3000

I
O 3 6 9 12 15 18 21 24 27

Height above Earth’s surface (10% m)
Surface of
Earth

b The required launch energy is calculated by determining the total area under the
graph, representing the change in gravitational potential energy, AEg.

Counting the highlighted squares under the graph results in ~13 squares.
Each square represents work done of 3 x 10° J (1000 N x 3 x 10° m).
Therefore, total AEg =13x3x10°=3.9x 10107,

Usually, there is an allowance for a variation in the number of squares counted, so a
range of values from 3.3 x 10'°] to 4.4 x 10'° ], is acceptable.

7000
6000 ~
5000 -~
4000 H

3000

Force (N)

2000 ~

1000

O I I I I I I I
0 3 6 9 12 15 18 21 24 27
Height above Earth’s surface (10 m)

Surface of
Earth
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Section 3B questions

Multiple-choice questions

1

2

Which one of the following statements concerning the formula E .= mgAh is correct?
A It only works for uniform fields.

B It only works on the surface of Earth.

C It only works for non-uniform fields.

D It works for both uniform and non-uniform gravitational fields.

Which one or more of the following statements is correct?

AE, can be found directly from the area under a

A uniform gravitational field—distance graph.

B uniform gravitational force—distance graph and a non-uniform gravitational force—
distance graph.

C non-uniform gravitational field—distance graph.

D uniform gravitational field—distance graph and a non-uniform gravitational field—
distance graph.

The gravitational field strength at the surface of Mars is 3.7 N kg~1.

Which one of the following is closest to the change in gravitational potential energy
when a 10 kg mass falls from 2.0 m above Mars’s surface to Mars’s surface?

A 37]
B 7.4]
C 37J
D 74]
VCAA NHT 2019

Short-answer questions

4

A 75 kg person jumps from a height of 40 m above a river using a bungee rope. Calculate
the gravitational potential energy of the bungee jumper before they jump, assuming that
E,is taken as 0 at the surface of the water. Use g=9.81 Nkg™! at Earth’s surface.

5 Explain why, as a mass moves a large enough distance away from Earth, the change
in gravitational potential energy has to be determined by estimating the area under a
gravitational force—distance graph rather than using E .= mgAh.
6 The diagram on the right
shows how Earth’s gravitational 107
field varies as a function of
distance from Earth’s centre (R, 81
represents the radius of Earth).
a Estimate the size of the = 6
gravitational force acting on £
a 200 kg satellite in orbit at a \E 4-
distance of 9.0 x 10% km from
the centre of Earth.
b Estimate the amount of 27
energy required to move this
satellite from Earth’s surface 0 ol ' ' ' '
to its orbit height. 0 /3'5 /-5 8.5 9.5 10.5
Distance from centre of Earth (103 km)
E
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7 The spacecraft Juno has been put into orbit around Jupiter. The table below contains
information about the planet Jupiter and the spacecraft Juno. The diagram below shows
gravitational field strength (N kg™') as a function of distance from the centre of Jupiter.

Mass of Jupiter 1.90 x 10?7 kg
Radius of Jupiter 7.00 x 10’ m
Mass of spacecraft Juno | 1500 kg

14 -

—_
N
1

—
(@)
]

Gravitational field strength (N kg~1)

O I I I I I 1
0 1 2 3 4 5 6

Distance from the centre of Jupiter (x108 m)

a Calculate the gravitational force acting on Juno by Jupiter when Juno is at a distance
of 2.0 x 10® m from the centre of Jupiter. Show your working.

b Use the graph to estimate the magnitude of the change in gravitational potential
energy of the spacecraft Juno as it moves from a distance of 2.0 x 10® m to a distance
of 1.0 x 10® m from the centre of Jupiter. Show your working.

VCAA 2018
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 Orbiting satellites

’ Study Design: Glossary:

e Apply the concepts of force due to gravity Artificial satellite

and normal force including in relation Geostationary satellite
to satellites in orbit where the orbits are Orbital period
assumed to be uniform and circular Orbital speed

e Model satellite motion (artificial, Moon,

planet) as uniform circular orbital motion:
v2  Arr

rT?

ﬁ ENGAGE

Newton, the apple and ‘heavenly motion’
Newton was troubled by the lack of explanation for the planet’s orbits around the Sun.

He was familiar with the work of Nicolaus Copernicus, who in 1542 published ‘On

the Revolution of the Heavenly Orbs; outlining an explanation for the observations of
planetary motion with the Sun at the centre. According to Copernicus’ explanation, the
planets moved in circular orbits about the Sun.

In 1609, Johannes ~___--tTTTTTTTTIao

Kepler, using the Jte ‘\\ One month
accurate planetary data 0
collected by the Danish ‘?\
astronomer, Tycho
Brahe, determined
that the orbits of the
planets around the Sun

were actually elliptical, \I\Dlanet ,/,
that equal areas were One month *~, e
swept out by the el et S

planets in equal times
(Figure 3C-1), and
that the average radius

Figure 3C-1 Kepler determined that the planets orbiting the Sun
swept out equal areas in equal times.

3
cubed over the period squared, —, for each planet was constant.
T

Newton reasoned that there must be some cause for the elliptical motion discovered by
Kepler. Even more troubling to him was the circular motion of the Moon about Earth.
Newton knew from his investigation of forces that there must be some sort of force at
work. Both the motion of the Moon in a circular path, and of the planets in elliptical
paths, required that there be some force towards Earth and the Sun respectively.

It was Newton’s ability to relate the cause for the ‘heavenly motion’ (the orbit of the
Moon about Earth), to the cause for Earthly motion (the falling of an apple to Earth),
that eventually led him to his concept of universal gravitation and for us to understand
how satellites can be put into orbit.

ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
Photocopying is restricted under law and this material must not be transferred to another party.



3C ORBITING SATELLITES @

EXPLAIN
Satellites

Newton’s System of the World (published in 1687) contains an illustration of a thought VIDEO 3C-1
experiment showing the various paths of a cannonball that is fired horizontally from a high gARTBEllll_';ITGES
mountain in a region with no air resistance (Figure 3C-2).

Newton’s reasoning is as follows: a cannonball shot with a certain velocity would land at
point D. Cannonballs shot with more and more velocity would land at E, F and G. If shot
with an even greater velocity, the cannonball would completely encircle Earth and return
to the mountain from which it was projected. The cannonball would become a satellite of
Earth, just like the moon is a satellite of Earth.

THE SYSTEM OF THE WORLD. 513

sreased, that it would deseribe an are of 1, 2, 5, 10, 100, 1000 miles before
it arrived at the earth, till at last, exceeding the limits of the earth, it
sheuld pass quite by without touching it.

Liet AFB represent the surface of the earth, C its centre, VD, VE, VF,
the curve lines which a body would describe, if projected in an hLorizontal
direction from the top of an high mountain successively with more and

more velocity (p. 400); and, because the cclestial motions are scarcely re-
tarded by the little or no resistance of the spaces in which they are per-
formed, to keep up the parity of cases, let us suppose either that there is
no air anout the earth, or at least that it is endowed with little or no power
of resisting; and for the same reason tla* the body projected with a less
velocity describes the lesser arc VD, and with a greater velocity the greater
are VE. and, augmenting the velocity, it goes farther and farther to F' and
G, if the velocity was still more and more augmented, it would reach at
last quite beyond the circumference of the earth, and return to the moun-
tain from which it was projected.

And since the areas which by this motion it describes by a radius drawn
to the centre of the earth are (by Prop. 1, Book 1, Princip. Math.) propor-
tional to the times in which they are described, its velocity, when it returns
*o the mountain, will be no less than it was at first; and, retaining the
same velocity, it will describe the same curve over and over, by the same law

Figure 3C-2 Newton’s thought experiment in his 1687 work, System of the World
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1B CIRCULAR
MOTION

From Newton’s thought experiment, -
we can see that the force due to gravity, .
F,, is the only force acting on a satellite s
in orbit. For example, the Moon, in ,
its orbit around Earth, is constantly /
falling towards Earth due to the force

of gravity. It constantly ‘misses’ hitting
Earth due to its velocity, which is not

only perpendicular to the gravitational \
field, (Figure 3C-3) but large enough '
to ensure that a continual circular orbit R
is achieved. N

Earth

i
In Chapter 1 you learned that for an L&
object moving in a circular path, the Figure 3C-3 The Moon in its orbit around Earth is
net force is the centripetal force and it constantly falling towards Earth due to the force of

. . gravity, F,. It constantly ‘misses’ hitting Earth due
always acts radially inwards (towards to its veI(;gcity, which is not only perpendicular to the

the centre of the circle). gravitational field, but large enough to ensure that a

For a satellite (mass ) undergoing continual circular orbit is achieved.

uniform circular orbital motion, the force due gravity, F o from a body of mass M is the
centripetal force, F_.

Formula 3C-1 Force due to gravity

F=GmM

g 7’2

Where:
F, = Force due to gravity (N)
G = Universal gravitational constant, 6.67 x 10~ Nm?kg
m = Mass of satellite (kg)
M = Mass of body (kg)
r = Distance between the centres of mass of m and M (m)

Formula 3C-2 Centripetal force

-2

Where:
F_= Centripetal force (N)
m = Mass of satellite (kg)
v = Orbital speed (ms!)
r = Distance between the centres of mass of 7z and M (m)
T = Orbital period (s)

Equating Formula 3C-1 and 3C-2 gives a number of useful formulas.

Orbital speed . mM mVZ . ) . . )
the speed a Using G = gives an important expression for the orbital speed, shown in
satellite has in 72 r
a given orbit Formula 3C-3.
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Formula 3C-3 Orbital speed

Where:
v = Orbital speed (ms!)
G = Universal gravitational constant, 6.67 x 101! Nm?kg2
M = Mass of body (kg)
r = Distance between the centres of mass of 7 and M (m)

Note that the orbital speed of a satellite is independent of the satellite’s mass, 7.

Using Gﬂ = man’r gives important expressions for both the orbital radius, r, and the
) r T Orbital period
orbital period, T. the time a
satellite takes
Rearranging 41113 = GMT?, gives the orbital radius, shown in Formula 3C—4. Finding the to complete
orbital radius, Formula 3C—4, involves taking a cube root. one orbit
Formula 3C—4 Orbital radius
/ GMT?
=
47*
Where:
r = Orbital radius (m)
G = Universal gravitational constant, 6.67 x 107! Nm?kg2
M = Mass of body (kg)
T = Orbital period (s)
Finding the orbital period, Formula 3C-5, involves taking a square root.
Formula 3C-5 Orbital period
T an*r®
GM
Where:
T = Orbital period (s)
r = Orbital radius (m)
G = Universal gravitational constant, 6.67 x 107! N m?kg~2
M = Mass of body (kg)
Note that just like the orbital speed, both the orbital radius and the orbital period of a
satellite are independent of the satellite’s mass, m.
If a satellite’s orbital radius increases, its period, T, will increase while its speed, v, will
1
decrease as T o \/73 and voc—.
Jr
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The formula 47773 = GMT? can also be rearranged to find the mass of an object that has an
orbiting satellite, as shown below. Therefore, the mass of a planet such as Jupiter (Figure
3C—4) can be easily calculated by observing one of its moons (see Worked example 3C-1).

_Ax’r®
GT?

Where:
M = Mass of body (kg)

G = Universal gravitational constant, 6.67 x 10"1! Nm?kg—2

r = Distance between the centres of mass of body and satellite (m)
T = Orbital period (s)

Figure 3C-4 The mass of Jupiter can be easily calculated by observing the motions of its moons.
This artist’s impression shows Jupiter and its four largest moons, lo, Europa, Ganymede and Callisto.

Worked example 3C-1 Mass of Jupiter

Calculate the mass of Jupiter by observing one of its moons, Callisto.

Take the period of Callisto to be 16.7 days (1.443 x 10°s) and the mean radius of the
orbit of Callisto to be 1.883 x 10° m.

Use G=6.67 x 107! Nm?kg2.

Solution

Substitute into the equation for mass.
4r’r’
GT?
47 (1.883x10° )3

M =

2
(6.67x10‘“)(1.443x106)

=1.90 x 10*” kg
Therefore, the mass of Jupiter is 1.90 x 10%” kg, which is the value given in Table 3A-2.

Artificial satellites

The space age began in 1957 when Sputnik 1 (Figure 3C-5) became the world’s first
artificial Earth satellite. It was launched into an elliptical low Earth orbit by the former
Soviet Union on 4 October 1957. It orbited for three weeks before its batteries ran out. The
satellite then silently continued to orbit the planet for two months before it fell back into
the atmosphere on 4 January 1958.
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Figure 3C-5 Sputnik-1 prior to launch. Its mass was 84 kg, its orbital period was 96.2 minutes and

3C ORBITING SATELLITES @

it completed 1440 orbits before burning up in Earth’s atmosphere.

Currently, there are about 5000 active
artificial satellites in orbit around

Earth, used for a multitude of purposes
including weather, navigation, the Global
Positioning System (GPS), commercial
enterprise, astronomy, research and
communications. Figure 3C—6 shows a
modern communications satellite that
uses solar energy to power its batteries
and run its electronic systems.

Geostationary satellites

A geostationary orbit is a special case
where a satellite remains at the same
location relative to Earth’s surface; it must
orbit directly above the equator and travel

Figure 3C-6 A modern communications satellite
that uses solar energy to power its batteries and
run its electronic systems

in the same direction as Earth’s rotation (Figure 3C-7). If the orbit of a satellite is inclined

or polar, then it will not remain at the same point relative to a particular point on Earth. So,

for the satellite to be stationary with respect to a particular point on Earth, its orbit has to

be equatorial.

Geostationary satellites are very useful and used extensively in telecommunications and as
weather satellites (as they are always above the same point on Earth).

The period of the orbit must equal the period of rotation of Earth (24 hours), which means

that it completes one revolution around Earth in exactly the same amount of time that

Earth completes one rotation on its own axis.

lGmT?
Using r=3 G4 >— and substituting gives r=4.2 x 107 m.
T

So, altitude = 4.2 x 107 — 0.64 x 107 =3.6 x 10" m.
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Artificial satellite
any human-
made structure
such as Sputnik,
Hubble Space
Telescope,
International
Space Station,
Mars Orbiter etc.
that is placed

in orbit around

a planet (like
Earth or Mars) or
Earth’s Moon

Geostationary
satellite

a satellite whose
orbit is such
that it remains
directly above
the same point
of Earth at all
times
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This means all geostationary satellites above a fixed point on Earth have a period of
24 hours and are at an altitude of 36 000 km above Earth’s equator.

This method can also be applied to satellites in synchronous orbits around the Sun, Moon
or other planets.

NOTE

There are approximately 400 geostationary satellites currently in orbit around Earth. The average
cost of a geostationary satellite is US$250 million and it has a life span of about 7-10 years. There
are only 1800 spots available for geostationary satellites to be parked in orbit around Earth at
any one time because the satellites have to be safely distanced two degrees, or 1000 km, apart in
order to avoid collisions and interference. A graveyard orbit, also called a junk or disposal orbit,
is an orbit that lies away from common operational orbits. One significant graveyard orbit is a
supersynchronous orbit well beyond the geostationary orbit. Some satellites are moved into such
orbits at the end of their operational life to reduce the probability of colliding with operational
spacecraft and generating space debris.

Geostationary orbit

Zone of permanent

conmection with satellite

Figure 3C-7 A geostationary orbit means the satellite remains at the same location relative to Earth’s
surface and it completes one revolution around Earth in exactly the same amount of time that Earth
completes one rotation on its axis. A minimum of three geostationary satellites cover the whole globe.

3A GRAVITY AND . . .
GRAVITATIONAL The normal force on astronauts in orbiting satellites

FIELDS As previously explored, we do not directly feel the force of gravity, E,. Instead, we feel

normal forces that give us a sense of gravity. The normal force, Fy, is what keeps us from
falling through the floor. We experience the force of gravity because the floor we are
standing on provides an equal but opposite force on our feet: F = ~-F,.

ORBITING

WORKSHEET 3C-1
SATELLITES u

It is a common misconception that gravity does not act on astronauts in orbit. In fact, the
gravitational field strength at the International Space Station, which is at an altitude of
408 km above Earth’s surface, is 8.67 N kg1; this is approximately 88% of the gravitational
field strength on Earth’s surface. This means that both the astronauts and the ISS are

accelerating towards Earth at 8.67 ms™2.

However, orbiting astronauts do not feel gravity acting on them because gravity is the
only force (constantly) acting on them and they experience no normal force (F;=0) as
they continually fall towards Earth under the influence of the gravitational field. As the
International Space Station orbits Earth, it is accelerating at exactly the same rate as the
astronauts, so objects inside do not appear to fall relative to the space station.
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Figure 3C-8 NASA engineer astronaut Anne McClain on the International Space Station performing
a time perception experiment. Both Anne and the ISS are continually falling towards Earth with an
acceleration of 8.67 ms due to Earth’s gravity.

VIDED 3C-2
3C SKILLS SKILLS:
TACKLING

GENERAL
Tackling general satellite questions SATELLITE
Satellite questions can involve manipulation of one or more of the formulas given earlier QUESTIONS
in this section:
2 2
g _m 47: r Centripetal force (Formula 3C-2)
oo T
2
F,=G m[2\4 _mv Force due to gravity (Formula 3C-1) and centripetal force
r r
2
E,=G m[2\4 = m4-72r r Universal law of gravitation (Formula 3A-2) and
i T centripetal force (Formula 3C-2)
v=, f% Orbital speed (Formula 3C-3)
r
%
r= ,3/ Gi\ﬂ; Orbital radius (Formula 3C—4)
T
4n’r®
T= Orbital period (Formula 3C-5
\ GM P ( )
an’r’ o o :
=61 Mass of an object with an orbiting satellite (Formula 3C—-6)
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It is often useful to have these formulas, with worked examples, on your two double-sided
A4 sheets that you can take into the examination, as they do not appear in the formula
sheet that comes with the physics exam.

Note that unless data is given, as in the example question below, you will need to use the
data given on the formula sheet that comes with the physics exam.

Question

The Ionospheric Connection Explorer (ICON) space weather satellite, constructed
to study Earth’s ionosphere, was launched in October 2019. ICON studies the link
between space weather and Earth’s weather at its orbital altitude of 600 km above
Earth’s surface. Assume that ICON’S orbit is a circular orbit. Use R, = 6.37 x 10° m.

a Calculate the orbital radius of the ICON satellite.
b Calculate the orbital period of the ICON satellite, correct to three significant
figures. Show your working.
¢ Explain how the ICON satellite maintains a stable circular orbit without the
use of propulsion engines.
Adapted from VCAA 2020

Solution
a Ensure all units are in SI units (metres).

r=6.37 x 10° + 600 x 103
=6.97 x 10° m

b Choose the correct formula and substitute.

P an*(6.97x10°)
T=\"am ~ \(6:67x10™)(5.98x10*)

=5788s
=5.79 x 10%s

Your answer has to be given to three significant figures (the same number as the data)
for full marks.

You should also check if your answer is sensible: 5788 seconds = 96.5 minutes.

The shortest period a satellite could theoretically have orbiting Earth at ‘treetop’
height is ~85 minutes. So, the answer of 95.5 minutes is sensible. Answers less than
~85 minutes mean the satellite is orbiting in solid Earth; obviously an impossibility.

¢ The only force acting on the satellite, once it is positioned in a stable circular orbit
around Earth, is the gravitational force towards Earth. This force is constant in
magnitude and always directed towards Earth’s centre.

Section 3C questions

Multiple-choice questions

1 Which of the following best describes the force acting on a satellite as it orbits Earth?
A The satellite’s rocket motors provide the force that keep it moving around Earth.
B The gravitational force of Earth.
C The centripetal force of the satellite.
D No forces are required; the satellite just orbits Earth like the Moon orbits Earth.
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2 When a spacecraft orbits Earth, its orbital period is not a function of the

A mass of Earth.

B mass of the spacecraft.

C velocity of the spacecraft.

D height of the spacecraft above Earth.

VCAA NHT 2021

3 Engineers want to put a satellite into orbit where the gravitational field is one-quarter of

its value at Earth’s surface. Take the radius of Earth as R_..

The altitude above Earth’s surface of this satellite will be

A R

B 2R,

C 3R

D 4R
4 A geostationary satellite has a period of

A 0 seconds, as it is stationary.

B 43200s

C 86400s

D 864000 s

Short-answer questions

5 Explain how Newton’s thought experiment, that involved projecting cannonballs
horizontally from a high mountain with negligible air resistance and increasingly faster
speeds, lead to the concept of satellite motion. Use a diagram in your answer.

6 The dwarf planet Pluto has an orbital period of 248 Earth years (1 Earth year = 365 days).
Assume the orbit is exactly circular.

The mass of the Sun is 2.0 x 10%° kg.

G=6.67 x 10711 N m? kg2

a Calculate Pluto’s orbital period in seconds.
b Calculate Pluto’s distance from the centre of the Sun. Ignore the radius of the Sun in
metres. Show your working.
Adapted from VCAA NHT 2017

7 A piece of a comet with mass 14 -

2.0 x 10'2kg collides with the planet ~

Jupiter. The graph on the right b0 12-

shows part of the gravitational field =

strength around Jupiter plotted £ 10+

against distance. E 3.

a Calculate the force of gravity acting 2
on the fragment of the comet when & 6-
it is a distance of 2 x 10® m from s
Jupiter. -% 4

b Estimate the magnitude of the S 5
change in gravitational potential ,‘_.,i’
energy of the comet piece as it 0 , , , , , ,
moves from 5 x 108 m to 2 x 108 m 0 1 2 3 4 5 6
from Jupiter. Distance from Jupiter (108 m)
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Chapter 3 review

Summary
Create your own set of summary notes for this chapter on paper or in a digital document. A model
summary is provided in the Teacher Resources, which can be used to compare with yours.

Checklist

In the Interactive Textbook, the success criteria are linked from the review questions and will be
automatically ticked when answers are correct. Alternatively, print or photocopy this page and tick
the boxes when you have answered the corresponding questions correctly.

Success criteria — | am now able to: Linked questions

3A.1 Understand both theoretically and practically the direction, shape 110,210
and attractive effect of a gravitational field; identify fields as uniform
or non-uniform; investigate the existence of monopoles and dipoles
and gravity as a monopole

3A.2 Understand both theoretically and practically the direction, shape 6|:|, 17|:|, 20
and attractive effect of a gravitational field about a point mass and
be able to use the inverse square law to determine the magnitude of

the field

3A.3 Analyse the use of gravitational fields to accelerate mass, including 10, 20, 30,
gravitational field and gravitational force concepts using g = GM2 1 54 DD ’12% ' 1240%

m,m r : ]

and F, =G %

3B.1 Determine gravitational potential energy changes (qualitative) 130, 2100
associated with a point mass and potential energy changes in a
uniform gravitational field using E = mgAh

3B.2 Analyse the change in gravitational potential energy from both 1801, 213
the area under a force—distance graph and the area under a field—
distance graph multiplied by mass

3C.1  Apply the concepts of force due to gravity, E, and the normal force, 1207
F,, including in relation to satellites in orbit where the orbits are
assumed to be both uniform and circular

3C.2 Model satellite motion for artificial satellites, our Moon and planets 501, 7, 81,

: : : N Vv An’r 100, 1501, 1601,

as uniform circular orbital motion using a = = = 170, 180, 190

Multiple-choice questions

1 An object with a mass of 48 kg as measured on Earth is taken to the Moon. What is the mass of
the object on the Moon’s surface if the acceleration due to gravity on the Moon is one-sixth of
that on Earth?

A 8kg

B 48 kg
C 288kg
D 480kg
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2 Two objects, one with a mass of M and one with a mass of 4/, are attracted to each other by a
gravitational force, F. If the magnitude of the force on mass 4 is F, what is the magnitude of
the force on mass M in terms of F?

A £
4
g L
2
CF
D F

3 An apple hangs on a tree on Earth. Which one of the following statements concerning the
gravitational force on Earth and the apple is correct?
A The force on the apple is greater than the force on Earth because Earth is more massive.
B The force on Earth is greater than the force on the apple because Earth is more massive.
C The force on the apple is less than the force on Earth by a factor of the inverse square of their
relative masses.
D The forces on the apple and Earth are equal.
4 The planet Phobetor has a mass four times that of Earth. Acceleration due to gravity on the

surface of Phobetor is 18 m s~2.

If Earth has a radius R, which one of the following is closest to the radius of Phobetor?

A R
B 1.5R
C 2R
D 4R
VCAA 2021
5 The International Space Station (ISS) is travelling around Earth in a stable circular orbit, as
shown in the diagram below.

- ~

Which one of the following statements concerning the momentum and the kinetic energy of
the ISS is correct?

A Both the momentum and the kinetic energy vary along the orbital path.

B Both the momentum and the kinetic energy are constant along the orbital path.

C The momentum is constant, but the kinetic energy changes throughout the orbital path.
D The momentum changes, but the kinetic energy remains constant throughout the

orbital path.
VCAA 2020
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6 A rocket moves away from the surface of Earth. As the distance, R, from the centre of Earth
increases, what happens to the force of gravity on the rocket?
A The force increases directly proportional to R,
B The force remains constant.
C The force decreases directly proportional to %

D The force decreases directly proportional to iz
R

7 A satellite is orbiting Earth at an altitude of two Earth radii (2R;) above the surface. What is
the centripetal acceleration of the satellite compared to what it would be if orbiting just above
Earth’s surface?

A L
9
g 1
3
1
c_
2

D the same

8 A satellite is orbiting a planet with an orbital radius . Which of the following diagrams correctly
represents the direction of the velocity and acceleration of the satellite?
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9 The magnitude of the acceleration due to gravity at Earth’s surface is g.

Planet Y has twice the mass and half the radius of Earth. Both planets are modelled as
uniform spheres.

Which one of the following best gives the magnitude of the acceleration due to gravity on the
surface of Planet Y?

1
A 5 g
B 1g
C 4¢
D 8¢

VCAA 2019

10 A satellite is orbiting a planet of radius R, D Sseg

mass M and an orbital radius r. Which of o2 T

the following represents the orbital o b

velocity of the satellite? s \

8 g g e

(vy)
<
I

(g
<
Il

Short-answer questions

11 The diagram below shows a representation of the gravitational field around a mass.
What does the direction and density of the gravitational field lines represent? (2 marks)

12 a Calculate the magnitude and direction of the gravitational force, F , acting on an 80 kg
astronaut when standing on the surfaces of Earth and the Moon. Take the Moon’s

gravity as one-sixth Earth’s gravity. (2 marks)
b Calculate the magnitude and direction of the normal force, F;, acting on an 80 kg
astronaut when standing on the surfaces of Earth and the Moon. (2 marks)

13 Jac lifts a 30 kg barbell in the gym straight up by a distance of 3.0 m. Calculate the gain
in gravitational potential energy for the barbell. Use g =10 Nkg™! at Earth’s surface. (2 marks)

ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
Photocopying is restricted under law and this material must not be transferred to another party.



14 The diagram shows the Moon in orbit around Earth where the tangential velocity, v, is
perpendicular to the gravitational force, F .

Explain how the Moon would move if the tangential velocity v:

a increased (2 marks)
b decreased (2 marks)
¢ became zero. (2 marks)

15 The diagram shows a satellite in orbit above Earth at an altitude of 320 km.

Use the following data:
Radius of Earth, R, = 6400 km
Mass of Earth, M = 6.0 x 10%* kg
G=6.67 x 107! Nm?kg2

a Calculate the magnitude of the acceleration due to gravity at this orbital height. (2 marks)
b Calculate the orbital speed of the satellite. (2 marks)
¢ Calculate the period of the satellite. (3 marks)
ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
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16 A 1500 kg weather satellite is in a circular orbit around Earth at an altitude of 850 km. The
radius of Earth is 6400 km.
a Calculate the period of the satellite in seconds. Take the mass of Earth to be 6.0 x 10%* kg
and the universal gravitational constant, G, to be 6.7 x 107! N m? kg~2. Show
your working. (3 marks)
b The controllers of the satellite use its motors to move the satellite into a higher orbit.
i Will this increase, decrease or have no effect on the speed of the satellite? Justify
your answer. (3 marks)
ii  Will this increase, decrease or have no effect on the gravitational potential energy
of the satellite? Take the surface of Earth as the zero of gravitational potential
energy. Justify your answer. (3 marks)
VCAA NHT 2018
17 A planet in another solar system has a mass # times the mass of Earth and a diameter
of m times the diameter of Earth. Calculate the acceleration of a body falling near the
surface of the planet as a multiple of Earth’s surface gravity, g. (3 marks)
18 A space telescope of mass 1.2 t is placed in orbit at a height of 610 km above Earth’s
surface. The diagram below shows the graph of the gravitational field strength plotted against
height above Earth’s surface.

101

Gravitational field strength (N kg~1)
T

N
1

OIIIIIIIIII
o 1 2 3 4 5 6 7 8 9 10

Height above Earth’s surface (10° m)

a What is the value of the gravitational field strength at Earth’s surface? (1 mark)
b What is the value of the gravitational field strength at 610 km above Earth’s surface?
(1 mark)
¢ What does the blue shaded area represent in the graph of the gravitational field
strength—height above Earth’s surface? (2 marks)
d Calculate the change in gravitational potential energy for the space telescope of
mass 1.2 t as it is placed in orbit at a height of 610 km above Earth’s surface. (3 marks)
ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
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19 A spacecraft is in orbit around Mars at an altitude of 1.6 x 10° m above the surface of Mars.
The mass of Mars is 6.4 x 102 kg and its radius is 3.4 x 10° m.

Take the universal gravitational constant, G, to be 6.7 x 101! N m? l(g‘z.

The mass of the spacecraft is 2.0 x 10* kg.

a Calculate the strength of the gravitational field acting on the spacecraft. Show
your working. (2 marks)
b Calculate the force acting on the spacecraft in its orbit around Mars. (2 marks)
Adapted from VCAA NHT 2019
20 A planet of radius r has two satellites, S, and S,, in circular orbits. S, moves just above
the planet’s surface and S, is in an orbit of radius 4r.

a What is the value of the ratio acceleration of S, : acceleration of S, (2 marks)
b What is the value of the ratio orbital speed of S, : orbital speed of S, (2 marks)
¢ What is the value of the ratio period of S, : period of S, (2 marks)
d Using the symbols 7'= period of S,r= radius of orbit of S, and G = universal

gravitational constant, write an expression for the mass of the planet. (3 marks)

21 Assume that a journey from approximately 2 Earth radii (2R;) down to the centre of
Earth is possible. The radius of Earth (Ry) is 6.37 x 10° m. Assume that Earth is a sphere
of constant density.

A graph of gravitational field strength versus distance from the centre of Earth is shown below.

Gravitational field strength (N kg~1)

Re 2R
Distance from the centre of Earth (m)

a What is the numerical value of Y? (1 mark)
b Explain why gravitational field strength is 0 N kg™! at the centre of Earth. (2 marks)

¢ Calculate the increase in potential energy for a 75 kg person hypothetically moving
from the centre of Earth to the surface of Earth. Show your working. (2 marks)
VCAA 2019
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Introduction

Bees don't just recognise flowers by their colour and scent; they can also detect a plant’s minute
electric fields. These electric fields form from an imbalance of charge between the ground and the
atmosphere. They are unique to each species of plant and flower. The bees not only sense these
patterns, they change the charge and the electric field of whatever flower they land upon. Research
shows that the electrical potential in the stem of a petunia increases by around 25 millivolts when
a bee lands upon it. This change in the electric field can also provide a signal to another bee that a
flower has recently been visited and might therefore be short of nectar.

Every object with an electric charge has an associated electric field. Electric field diagrams are
a useful way of interpreting these fields. This chapter explores concepts such as electric field
strength, electric force and electric potential energy changes in both uniform and non-uniform
electric fields.

You will also discover the concepts of magnetic fields, examine how they are created and look at
the pattern of magnetic fields around bar magnets, current-carrying wires and coils. The presence
of magnetic fields around current-carrying wires, and the forces on current-carrying wires caused
by external magnetic fields, demonstrate an important relationship between electricity and
magnetism and lead to an understanding of the operation of simple DC motors.

You will then investigate the forces on charged particles due to electric and magnetic fields,
leading to an understanding of particle accelerators and their use in electron microscopes, mass
spectrometers, synchrotrons and medical linear accelerators.
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Curriculum

Area of Study 2 Outcome 2
How do things move without contact?

Study Design

Fields and interactions
e Describe
electricity using a field model
Investigate and compare theoretically and
practically electric
fields, including directions and shapes of
fields, attractive and repulsive effect, and the
existence of dipoles and monopoles
Investigate and compare theoretically and
practically electric
fields about a point charge (positive
or negative) with reference to:
the direction of the field
the shape of the field
the use of the inverse square law to
determine the magnitude of the field
potential energy changes (qualitative)
associated with a point charge
moving in the field
|dentify fields as static or changing, and as
uniform or non-uniform
Gravitational fields and mass are covered in
Chapter 3. Magnetic fields are covered in 4B.

Effects of fields
e Analyse the use of an electric field to
accelerate a charge, including:

» electric field and electric force concepts:
E=kY and F=kD
r r
» potential energy changes in a uniform
electric field: W=qV, E :%

» the magnitude of the force on a charged
particle due to a uniform electric field:

SO

ot be transferred to~another party.

Learning intentions — at the end of this
chapter | will be able to:

4A
4A.1
4A.2

Electric fields and forces

Describe electricity using a field model
Investigate and compare theoretically
and practically electric fields, including
direction and shapes of fields, attractive
and repulsive fields, and the existence
of dipoles and monopoles

Investigate and compare theoretically
and practically electric fields about a
point charge (positive or negative) with
reference to:

» the direction of the field

» the shape of the field

Use the inverse square law to determine
the magnitude of an electric field
Determine potential energy changes
(qualitative) associated with a point
charge moving in an electric field
Identify electric fields as static

or changing, and as uniform or
non-uniform

Quantitatively determine the magnitude
of the electric field strength around

point charges, E :k%, and between
r

parallel plates, £ :5

Quantitatively determine the magnitude
of the force between two fixed charged
objects using Coulomb’s law, F = kq;%
Understand work done and potential
energy changes in a uniform electric
field, W= qV

Quantitatively determine the forces
acting on charged particles in a uniform
electric field, F= gE
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Learning intentions — at the end of this
chapter | will be able to:

Study Design

Magnetic fields and forces
Describe magnetism using a field model

Fields and interactions 4B
e Describe magnetism 4B.1

using a field model
Investigate and compare theoretically and
practically magnetic
fields, including directions and shapes of
fields, attractive and repulsive effect, and the
existence of dipoles and monopoles
Investigate and apply theoretically and
practically a field model to magnetic
phenomena, including shapes and directions
of fields produced by bar magnets, and by
current-carrying wires, loops and solenoids
|dentify fields as static or changing, and as
uniform or non-uniform
Note: Gravitational fields are covered in
Chapter 3. Electric fields are covered in 4A.

Effects of fields

Analyse the use of a magnetic field to change

the path of a charged particle, including:

» the magnitude and direction of the force
apaplied to an electron beam by a magnetic
field: F= gvB, in cases where the directions
of vand B are perpendicular or parallel
the radius of the path followed by an

2
electron in a magnetic field: gvB = ﬂ,
7

where v<< ¢

Application of field concepts

Describe the interaction of two fields,
allowing that electric charges, magnetic poles
and current-carrying conductors can either
attract or repel

Investigate and analyse theoretically and
practically the force on a current-carrying
conductor due to an external magnetic field,
F = nlIB, where the directions of /and B are
either perpendicular or parallel to each other
Investigate and analyse theoretically and
practically the operation of simple DC motors
consisting of one coil, containing a number
of loops of wire, which is free to rotate about
an axis in a uniform magnetic field and
including the use of a split ring commutator

4B.2

Investigate and compare theoretically
and practically magnetic fields,
including directions and shapes of
fields, attractive and repulsive effects,
and the existence of dipoles; identify
magnetic fields as static or changing,
and as uniform or non-uniform
Investigate and apply theoretically

and practically a vector field model to
magnetic phenomena, including shapes
and directions of fields produced by bar
magnets, and by current-carrying wires,
loops and solenoids

Describe the interaction of two fields,
allowing that electric charges, magnetic
poles and current-carrying conductors
can either attract or repel

Investigate and analyse theoretically
and practically the force on a current-
carrying conductor due to an external
magnetic field, F = nlIB, where

the directions of /and B are either
perpendicular or parallel to each other
Investigate and analyse theoretically and
practically the operation of simple DC
motors consisting of one coil, containing
a number of loops of wire, which is free
to rotate about an axis in a uniform
magnetic field and including the use of
a split ring commutator

Investigate, qualitatively, the effect of
current, external magnetic field and the
number of loops of wire on the torque of
a simple motor
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Study Design

e |nvestigate, qualitatively, the effect of current,
external magnetic field and the number of
loops of wire on the torque of a simple motor
Model the acceleration of particles in a
particle accelerator (including synchrotrons)
as uniform circular motion (limited to
linear acceleration by a uniform electric
field and direction change by a uniform
magnetic field)

Learning intentions — at the end of this
chapter | will be able to:

4B.8 Analyse the use of a magnetic field to
change the path of a charged particle,
including:
» the magnitude and direction of the
force applied to an electron beam by
a magnetic field, F = qvB, in cases
where the directions of vand B are
perpendicular or parallel
the radius of the path followed by

an electron in a magnetic field,

mv
qvB=——/,where v<< ¢
r

Model the acceleration of particles

in a particle accelerator (including
synchrotrons) as uniform circular
motion (limited to linear acceleration
by a uniform electric field and direction
change by a uniform magnetic field)

VCE Physics Study Design extracts © VCAA; reproduced by permission.

Glossary
Coulomb (C)
Coulomb’s law
Electric dipole
Electric field
Electric force
Electric monopole
Electric potential energy
Electromagnet
Electromagnetism
Electron gun

Field

Field lines

Inverse square law
Low speed
Magnetic dipole

Magnetic field
Non-contact force
Non-uniform electric field
Particle accelerator
Point charge
Right-hand grip rule
Right-hand slap rule
Solar wind

Solenoid

Static field
Synchrotron

Torque

Uniform electric field
Uniform magnetic field

®
iersity Press & Assessment 2023 ‘



@ CONCEPT MAP

Concept map

How things move without contact

Electricity using a field model, and
its effects to accelerate a charge

4A Electric fields and forces

++ 4+ + + + + +
[ ]

Magnetism using a field model, applications
of field concepts and effects of fields

4B Magnetic fields and forces

Resistor

1.5V battery 1.5V battery

See the Interactive Textbook for an interactive version of this concept map
interlinked with all concept maps for the course.
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Electric fields and forces

Study Design:

e Describe

using a field model
Investigate and compare theoretically and
practically electric
fields, including directions and shapes of
fields, attractive and repulsive effect, and the
existence of dipoles and monopoles
Investigate and compare theoretically and
practically electrical
fields about a point charge (positive
or negative) with reference to:

» the direction of the field

» the shape of the field

» the use of the inverse square law to
determine the magnitude of the field
potential energy changes (qualitative)
associated with a point charge
moving in the field

Identify fields as static or changing, and as
uniform or non-uniform

Analyse the use of an electric field to
accelerate a charge, including:

» electric field and electric force concepts:

electricity

E=kZand F=k 2%
r r
» potential energy changes in a uniform

electric field: W= gV, E =%
» the magnitude of the force on a charged

particle due to a uniform electric field:
F=qE

ENGAGE

Sharks and platypuses use electric
fields to ‘see’

Many creatures use electric fields to
communicate, sense predators, sense prey or,
in the case of the electric eel, even stun their
prey with powerful electric shocks. How, or
why, this ability came about is still under
scientific investigation.

A number of shark species have
electroreceptors that allow them to detect

4A ELECTRIC FIELDS AND FORCES @

Glossary:

Coulomb (C)

Coulomb’s law

Electric dipole

Electric field

Electric force

Electric monopole
Electric potential energy
Field

Field line

Inverse square law

Low speed

Non-contact force
Non-uniform electric field
Point charge

Uniform electric field

minuscule changes in electric fields. Figure
4A—-1 shows the electroreceptors as tiny
pores on the snout of a tiger shark.

ISBN 978-1-009-25901-9

Eddy de Jong et al

Figure 4A-1 The many tiny pores on the
snout of this tiger shark are electroreceptors
called ‘ampullae of Lorenzini’. These enable
sharks to detect minuscule electric fields.
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@ CHAPTER 4 ELECTRIC AND MAGNETIC FIELDS

Electric field

a physical field
that creates

a force on all
charged particles
within the field.
Produced by
charged particles
and changing
magnetic fields.
A changing
electric field
also produces

a changing
magnetic field.

Field line

a line drawn to
represent the
strength of a
field with arrows
to indicate
direction. Field
lines that are
closer together
indicate a
stronger field.

VIDEO 4A-1
ELECTRIC
FIELDS AND
FORCES

Field

a region where
an object feels

a force, such as
gravitational,
electric or
magnetic; more
precisely defined
as a physical
quantity that has
a value at each
point in space

Electroreception is normally limited to aquatic environments. In the case of ocean
environments the resistivity of salt water is low enough for the electric fields generated
from biological sources to be easily detected. Sharks can detect extremely weak electric
fields, less than one hundredth-millionth of a volt per centimetre (0.01 uV cm™).

The only known mammals to have electroreceptors are the platypus and echidna.

While the platypus has 40000 electroreceptors (on its bill), echidnas have only
400-2000. The platypus can detect electric fields in the order of three-tenths of a
millivolt per centimetre (0.3 mV cm™) and uses the electroreceptors in its ‘duck’ bill to
hunt prey in deep murky waters, without the use of sight, sound or smell. Figure 4A-2
shows a diagram of the electric field strength detection of a platypus. As the prey gets
closer, the signal strength of the electric field becomes larger, giving the platypus useful
information on the location and movement of the prey.

Figure 4A-2 Diagram of the electric field detection area surrounding the ‘duck’ bill of the platypus

EXPLAIN
Electric fields
Electric field strength

Electric fields are produced by electric charges and can be modelled by drawing electric field
line diagrams, similar to the gravitational field lines introduced in Chapter 3. Figure 4A-3
(left) shows electric field lines around a positive charge. Figure 4A—-3 (centre) shows electric
field lines around a negative charge and Figure 4A-3 (right) shows the gravitational field
around a mass.

N N
/\ /\ RN

Figure 4A-3 Electric field around a fixed positive charge, +Q, (left), a fixed negative charge, —Q,
(centre) and a gravitational field around a mass, M (right)
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4A ELECTRIC FIELDS AND FORCES @

3A GRAVITY AND
As we discovered in Chapter 3, it was Michael Faraday who proposed the concept of a ‘field’ GRAVITATIONAL
FIELDS
In the case of an electric charge, there is an electric field in the space around the charge
such that if a second charge is placed in that space, it will experience an electric force.
Just as the gravitational field, g, is the force per unit mass (ng‘l), so the electric field, E, is
the force per unit charge (N C1), where the charge, g, is measured in coulomb (C):
Coulomb (C)
F F the Sl unit for
=—and E=— -
g m q charge. 1 Cis

This can be expressed as Formula 4A-1.

Formula 4A-1 Force on a charged particle in an electric field

F=qE
Where:
F =Force on a charged particle in a electric field (N)

q = Charge of the particle (C)
E = Strength of the electric field (N C™)

By convention, the direction of the electric field is given by the direction of the force on a
small positive unit test charge placed in the field.

The strength of force between two charges Q and ¢ is given by:
F=k Q_Zq
r
So, the strength of the electric field can be given as:
E=f -4 ¥

q r
where k is known as the Coulomb constant and has a value of k=8.99 x Nm?C~2,
This is the strength of the electric field around a point charge.
The unit of electric field strength is newtons per coulomb (NC™1).
An equivalent but more commonly used unit is volts per metre (V m™1).

This is the uniform electric field between two parallel, oppositely charged, metal plates that
are a distance d apart and with a voltage drop of V across them. This is explained in more
detail later in this chapter.

There are many similarities between the expressions for gravitational forces and fields
and electrostatic forces and fields. Forces between point masses, and the force between
point charges, are both proportional to the square of the distance between them. The
forces involve the product of the masses (gravity) and product of the charges (electric)
respectively. The gravitational field, g, is dependent upon the point mass, M, and the
electric field, E, is dependent upon the point charge, Q.

ISBN 978-1-009-25901-9 Eddy de Jong et al
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equivalent to the
combined charge
of 6.2 x 1018
protons (or
electrons) or

the amount

of charge that
passes a point
when a current
of 1 A flows for
atimeof 1s.

Point charge

an ideal
situation in
which all of

the charge on
an object is
considered to be
concentrated at
a single point

Uniform electric
field

an electric field
in which the
value of the field
strength remains
the same at all
points
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@ CHAPTER 4 ELECTRIC AND MAGNETIC FIELDS

Electric force Table 4A-1 shows the comparison between expressions for gravitational and electric forces

a force that and fields around point masses and point charges respectively.
exists between

gﬂgrﬁ]egyp;gtic'es Table 4A-1 Comparison between expressions for gravitational and electric forces and fields

attractive (unlike

Rl o Gravitational force and field Electric force and field
repulsive (like (masses M and m) (charges Q and q)
charges)

Worked example 4A-1 Equating forces in a uniform electric field

An oil drop with an excess charge of three electrons is + + + +

balanced in a uniform electric field between two parallel =
charged metal plates as shown. The magnitude of the
electric field is 10 kVm™L.

Calculate the mass of the oil drop. The charge on an

electron is 1.6 x 1071° C. Q

Use g=10 Nkg.

Solution L
g

The force due to gravity (F 5 myg) is balanced by the
electric force (F, = gE). Therefore: F

F =F
g e
mg=qE
mx10=3x 1.6 x 107 x 10*
m=4.8 x 1071 kg

Electric field patterns

For an electric field, the strength of the electric force is defined by F = Eq, while the
direction of the force is in the direction of where it acts on a stationary positive charge.

The force diagram for electric forces around a point charge is similar to the gravitational
force diagram around a point mass; except that with electric forces it is possible to
distinguish between the attractive and repulsive forces, as shown in Figure 4A—4.

x \ ? ’ b4 LN \ f ¥
- X e ~ * ¥y Figure 4A-4 Electric
- - e — > _>e<_ - force vectors around
a fixed positive

4 N - f X o~ charge (left) and a

* fixed negative charge
V2 4 LR A 1 % w (right). The arrows

+ show the direction of
* the force.
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4A ELECTRIC FIELDS AND FORCES @

In electric field diagrams, the force vectors are formed into continuous lines. These lines are
called lines of force or electric field lines. The arrows indicate the direction of the field.

Figure 4A-5 shows two different pictorial representations of the same electric field created
by a positive point charge, Q. The left-hand part shows numerous individual arrows with
each arrow representing the force vector on a test charge, Q. The right-hand part shows
the standard representation using continuous lines. Field lines are essentially a map of
infinitesimal force vectors.

The distance between adjacent field lines indicates the strength of the electric field, E. So
around a point charge, as shown below right, the field lines are closer together nearer the
charge and get further apart the further from the charge you get. This indicates that the
electric field strength decreases as the distance from the point charge increases.
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Arrows representing the electric field's The standard representation: continuous field
magnitude and direction (force vectors) lines having the same direction at any point
as the electric force field.

Figure 4A-5 Two equivalent representations of the electric field due to a positive charge, Q.

Figure 4A—6 shows standard electric field patterns for four different situations.
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Figure 4A-6 Electric field patterns for a single negative charge (top left), a pair of opposite charges
(top right), a pair of positive charges (bottom left) and two parallel plates with opposite charges
(bottom right)
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@ CHAPTER 4 ELECTRIC AND MAGNETIC FIELDS

When drawing two-dimensional electric field lines patterns around, and between, charged

objects there are a few rules that need to be followed:

o electric field lines run from from positive charges to negative charges

o electric field lines start and end at 90° to conducting surfaces, with no gap between the
lines and the surface

o field lines can never cross; if they did cross, it would mean that the force is acting in two
different directions at that point, which is not possible
 drawings are usually two-dimensional representations of three-dimensional fields.

Worked example 4A-2 Identifying charges from field patterns

The diagram (below) shows the electric field pattern for four charges of equal magnitude
arranged in a square.

Determine the polarity of each of the charges.

Solution

The electric field lines start at positive charges and end at negative charges.
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Uniform electric fields

Between two parallel oppositely charged metal plates, a uniform electric field is established
in the central region between the plates (Figure 4A—7). The field strength is constant at

all points within the region of the uniform electric field, so the field lines are parallel. The
strength of the electric field is given by Formula 4A-2.

Formula 4A-2 Electric field strength between parallel plates

E=r
d

Where:
E = Electric field strength for a uniform electric field (V m™)
V = Electric potential difference (voltage) between the plates (V)

d = Distance between the plates (m)

+ + + + + + + +

Figure 4A-7 A uniform electric field created by
two parallel oppositely charged metal plates

Figure 4A—8 shows a photograph of small seeds aligning in an almost-uniform electric field
created between two parallel oppositely charged plates using a common physics laboratory
apparatus. The voltage used is 100 V and the distance between the two parallel plates is 2 cm.

Figure 4A-8 Apparatus showing an almost-uniform electric field between
two parallel oppositely charged plates
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Worked example 4A-3 Calculating the strength of a uniform electric field

Electric
monopole

a single electric
point charge,
such as an
electron or
proton in which
all the field lines
point inward ()
or outward (+)

Electric dipole
a pair of equal
and opposite
electric charges,
the centres

of which are
separated
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Calculate the magnitude of the electric field strength for the apparatus shown in the
photograph in Figure 4A.8.

Solution
=Y
d
_ 100
002
=5000 Vm~!

Figure 4A—9 shows a photograph of a 3 x 108 V (300 million volt) lightning bolt discharging
at a height of 10 km above the ground. Superimposed on the image are the negative charges
at the bottom of the cloud that have attracted positive charges to the top of the surface

of Earth. This charge distribution generates an electric field of the order of 30000 V m~.
Lightning is a naturally occurring electrostatic discharge that occurs as the electrical arc
overcomes the insulating properties of air.

Figure 4A-9 An electric field created by a thunderstorm

Electric monopoles and dipoles

Electric charges can exist as both monopoles and dipoles. A single positive charge
(Figure 4A—10 left) or a single negative charge exists as an electric monopole. An electric
dipole consists of two equal point charges of opposite sign, separated by a short distance
(Figure 4A—10 right).
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Figure 4A-10 Left: An electric monopole. Right: An electric dipole

However, electric dipoles do occur in nature, some of which are very important.

Electric dipoles in nature: water

Electric dipoles can occur when electrons are shared in the bonds between
atoms in molecules. For example, in the water molecule, H,O, the single
oxygen atom more strongly attracts the shared electrons than do each

of the two hydrogen atoms. This makes the oxygen end of the molecule
slightly more negatively charged and the hydrogen end slightly more
positively charged (Figure 4A—11). The water molecule is therefore called
a dipolar molecule.

Figure 4A-12 (left) shows the effect of bringing a negatively charged
comb near a stream of neutral (uncharged) tap water. The stream of water
is attracted to the comb. This can be explained by understanding that

the water molecules are electric dipoles (Figure 4A—12 right) and their
positive charged ends are closer to the comb than the negative ends.

I

-

® - \
@

ISBN 978-1-009-25901-9 Eddy de Jong et al
Photocopying is restricted under law and this material must not be transferred to another party.

Oxygen atom with
partial negative charge

Hydrogen
atoms with partial
positive charges

Figure 4A-11 In a molecule of
water, H,0, the oxygen atom
more strongly attracts the
shared electrons than do each
of the hydrogen atoms, so it has
a partial negative charge, while
the hydrogen atoms have partial
positive charges, producing an
electric dipole molecule.

Figure 4A-12 Left: A trickle
stream of water is bent by

a negatively charged comb.
Right: The electric dipolar
nature of the water molecules
explains why the stream of
water is bent by the comb:
the positive charges on one
side of the water molecules
are attracted to the negative
charges on the comb.
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@ CHAPTER 4 ELECTRIC AND MAGNETIC FIELDS

4B MAGNETIC
FIELDS AND
FORCES

Dipoles are also commonly associated with magnetic fields, where the ends of a bar magnet
have different polarities (north and south). These will be explored in Section 4B.

Among the important consequences of the polarity of water for living organisms is water’s
ability to dissolve a variety of substances, more than any other liquid, and its strong surface
tension. This not only allows insects to walk on water (Figure 4A—13 left) but also allows
water to form drops and to travel through tiny roots, stems and capillaries. Water is the
only substance that exists as a gas, liquid and solid at temperatures found on Earth. Because
of the polarity of the water molecule, the solid state is less dense than the liquid state. When
water gets colder than 4°C, it begins expanding and becomes less dense. As a result, at

close to freezing, colder water floats to the top, and the warmer water sinks to the bottom.
This means that ice floats, rivers and lakes freeze from the top down and warmer water is
trapped underneath (Figure 4A—13 right). This has profound implications for life on Earth.

Figure 4A-13 Left: Insects can walk on water because of the strong surface tension created by the dipolar nature of

the H,0 molecule. Right: A girl casts a line through a hole created in the surface of a frozen river during the annual ice
fishing festival in Hwacheon, South Korea. The polarity of water explains why ice floats and forms at the top of a body of
water, allowing aquatic animals and plants to avoid freezing.
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Check-in questions — Set 1

1 a Two equal negative charges are placed as shown.

Copy the diagram and draw a representation of the electric field lines between and
surrounding the two charges.

b One of the negative charges, —Q, is now replaced with the same magnitude positive
charge, +Q, as shown.

Copy the diagram and draw a representation of the electric field lines between and
surrounding the two charges.

2 Explain, using a diagram, the difference between an electric monopole and an
electric dipole.
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3 The diagram shows two parallel charged plates in a vacuum. Lo+ o+ o+ o+ o+ o+

The voltage between the plates is 100 V and the distance between the X

plates is 10 cm.

a Copy the diagram and sketch the electric field lines that exist between Y

the two charged plates.

b The best description of the field in the region between X and Y is that
it is uniform/non-uniform and static/changing. Select the correct words.
¢ i Describe what happens if an electron is placed at point X.
ii Describe what happens if an electron is placed at point Y.
d i Describe what happens if a proton is placed at point X.
ii Describe what happens if a proton is placed at point Y.
e Calculate the magnitude and direction of the electric field between the two plates.

Electric fields around point charges

The strength of an electric field due to a point charge can be determined from Formula 4A-3.

Formula 4A-3 Electric field strength near a point charge

E= k% Inverse square
r law
Where: the relationship
s . between t
E = Electric field strength due to a point charge (NC~! or Vm™) el

k = Coulomb’s constant (8.99 x 10° Nm?C2)
Q = Electric charge generating the field (C)
r = Distance from the centre of the charge (m)

The electric field strength follows an inverse square
law, just as the gravitational field strength does

=G Mz), except that the strength of an electric field
r

is determined by the charge, Q, rather than the mass,
M, of that object.

If the point charge is positive, the direction of the electric
field is radially outwards. If the point charge is negative,
the direction of the electric field is radially inwards.

Electric field—distance graphs are analogous to
gravitational field distance graphs and have a similar
shape due to the inverse square law. The main
difference is that electric charges come in positive
and negative varieties, while mass comes in only one
variety. Therefore, electric field—distance graphs
show separate curves for positive and electric charges.
These are the same shape but inverted with respect

to each other. Figure 4A—14 (top) shows the electric
field—distance graph for a positive point charge, while

where one is
proportional to
the reciprocal
of the square of

the other
E
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Figure 4A-14 Top left: A positive electric charge and
the direction of the electric field E away from it at

point P which is at distance r. Top right: The electric
field—distance graph (E versus r) for a positive charge.
Bottom left: A negative electric charge and the direction
of the electric field E towards it at point P which is at
distance r. Bottom right: The electric field—distance
graph for a negative charge, with negative values of E.

Figure 4A—14 (bottom) shows the electric field—distance graph for a negative point charge.
Note that at point P, the electric field is to the right in the top diagram and to the left in
the bottom diagram. Note that the radial direction away from the charge is assumed as the

positive direction for the electric field.
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Worked example 4A-4 Calculating the field strength of a point charge

Calculate the electric field strength and direction at a distance of 2.0 m from a charge of
+2.0 x 107 C. Use 9.0 x 10~ as the value for k.

Solution
£k Q
r
(2.0 % 10‘4)
=(9.0x 10°) ~——
(2.0)

=4.5 x 10° N C™! radially outwards from the positive point charge

3A GRAVITY AND 1 o o
GRAVITATIONAL EleCtrlC forcgs . F F
FIELDS Electric forces, like gravitational forces

discussed in Chapter 3, are another example
Non-contact of non-contact forces — forces that act on an
;o;gfce that acts object without coming physically in contact ~ f <_O O_> F
on an object with it. Unlike gravitational forces, which

without comin . .
g are always attractive, electric forces can be

physically in
contact with it either attractive or repulsive.
Like charges repel and unlike charges attract O_’ ‘_0
(Figure 4A—15). If the charges are the same F F
size (magnitude) and the same distance Figure 4A-15 Like (.:ha.rges repel,.unli‘ke charges
apart, then these attractive and repulsive attract. The arrows indicate the direction of the
. . force on each of the charges.
forces are the same size, F, and point in the
directions as shown in Figure 4A—15.
The symbol g is often used to indicate the
. F F
amount of charge on an object and the SI
unit of electrical charge is the coulomb (C).
At a given fixed distance between two
charges, the size of the force depends oF @ @ oF
on the size of the charges on each object
(Figure 4A-16).
Changing the charge on one object affects
the force acting on both the objects. This 4F 4—@ @—>4 F
is shown in the middle diagram in Figure
4A—16, where the left-hand charge is +2¢ Figure 4A-16 The force between two charges
and the right-hand charge is +4 and the depends on the size of the charges.
force on each charge is now 2F. Note that for each of the three diagrams in Figure 4A-16,
the force on each of the paired objects remains equal and opposite to the force on the other
paired object. This is a consequence of Newton’s third law.
It can also be seen from Figure 4A—16 that the force between any two charged objects (for
example, g, and g,) is directly proportional to the product of the charges on each object:
Fo<qy 9,
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Worked example 4A-5 Force between two charges

The two positive charges shown produce an electric force, F, between them.

a Is the electric force produced an attractive or repulsive force?

b Copy the diagram and draw four different ways a force of 8F can be produced
between various positive charges if each charge is a whole number and the separation
between the two charges remains the same.

Solution

a Repulsive
b The charges can be 8:1; 1:8; and 4:2; 2:4 as shown below.

8Q Q Q 8Q
[ S - - S
4Q 2Q 2Q 4Q

What happens to the force when the distance between two charged objects is increased?

Newton demonstrated that the gravitational force between two masses varies with the
product of the masses and the inverse square of the distance of separation:
mm,

2
r

F oc

In 1767, the English scientist Joseph Priestley, having confirmed an experiment undertaken
by Benjamin Franklin the previous year, and knowing of Newton’s inverse square law for
gravity, published his finding that the electric force follows an inverse square law. However,
Priestley’s scientific paper was largely ignored by other scientists.

It was not until 1788-1789, when the French scientist Charles-Augustin de Coulomb
published a series of eight papers on different aspects of his carefully constructed
experiments on electrically charged objects, that the scientific community accepted that the
electric force satisfied the inverse square law.

Coulomb’s law
Combining the concepts of force being proportional to the product of the charges, F «< q,4,,

and that force follows an inverse square law, F = — gives:
r

F o qlq2

2
r

This is known as Coulomb’s law and describes the force between two charges at rest.

When the charges are in motion, additional forces are involved. These are discussed in later
chapters. Coulomb’s law applies to situations where the charged objects are much smaller
in size than the distance between them. Such objects are referred to as point charges.
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Coulomb’s law
the force
between two
charges at
rest is directly
proportional to
the product of
the magnitudes
of the charges
and inversely
proportional to
the square of
the distance
between them
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If the charged object is a metal
sphere, the entire charge can be
considered to be concentrated at
the centre of the sphere. This holds
true provided the size of the objects
is small compared to the distance of
separation.

As shown in Figure 4A-17, doubling
the distance reduces the force, F,

by a factor of four, so that is in now
F

—|; triplin

4) pine

the distance reduces the force by a

one-quarter as large

factor of nine, so it is now one-ninth

lrge ¢
as large |—|.
& 9

If Coulomb’s law is written as an
equation, it becomes Formula 4A—4.

Object A Object B

=L —
F<—<a <a—>/:
e
~Q O~
4 4
. M- .

Figure 4A-17 Coulomb’s law. The effect on the force
between two charges as the distance is increased
follows an inverse square law.

)

Formula 4A-4 Coulomb’s law

Where:

91 9>

r2

F=k

F = Force between two charged particles (N)
k = Coulomb’s constant (8.99 x 10° Nm?C~2)

q,» 4, = Charge of each particle (C)

r = Distance between charged particles (m)

The force between the two charges depends on the nature of the medium between them
and this affects the value of Coulomb’s constant. If the medium is a vacuum, or dry air, and
the force is measured in newtons, the separation in metres and the charge in coulombs

is then k= 8.988 x 10° Nm?2C~2. (When doing calculations using Coulomb’s law to two
significant figures, use k=9.0 x 10° Nm2C2.)

Worked example 4A-6 Using Coulomb’s law

One coulomb is a very large charge.

a Calculate the force between two charges each of magnitude 1.0 C that are 3.0 m

apart. Use k= 8.99 x 10° Nm?C2,

b Calculate the magnitude of a mass (in kg and t) that would have the same
gravitational force acting on it at Earth’s surface. Use g= 10 N kg

¢ What sort of an object with that mass could be hypothetically lifted off Earth’s surface
with an electrostatic force of that size?
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Solution

a Use Coulomb’s law.

Fek il 2%
r
~(8.99x 109)M
(3.0)
=1.0x 10°N

b Gravitational force = mg=1.0 x 10° N
m=1.0 x 10® kg
=100000 t

¢ The electrostatic force calculated would be more than enough, for example, to lift a
modern ocean cruise liner 3.0 m into the air!

Check-in questions — Set 2

1 The diagram shows a charge Q. Point X is 10 cm from the centre of Q and point Y is
20 cm from the centre of Q. The charge on Q =+2.0 x 1078 C.

O - v

a Calculate the magnitude and direction of the electric field at points X and Y.
b How would your answers change if Q was a negative charge of twice the magnitude?

2 Two positive charges on metal spheres are at a distance of 30 cm apart as shown.
Q,=20x10®%Cand Q,=80x108C.

a Determine how far from the middle of charge Q,, on the line joining Q, to Q,, that
the magnitude of the electric field is zero.

b Sketch a diagram of how the electric field varies between Q, and Q, on the line in the
region between the two metal spheres.
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Electric potential energy
Electric potential energy is a form of energy that is stored in an electric field. In Chapter 3 it
was demonstrated that gravitational potential energy can be stored in a gravitational field.

3B GRAVITATIONAL
POTENTIAL ENERGY

Electric potential  Gravitational potential energy can be stored in a uniform gravitational field near the surface

g N of Earth (Figure 4A—18 left) or in a changing gravitational field as we move away from the

work needed surface of Earth (Figure 4A—19 left).

to move a unit

f:fae:iiggog"oa ; Similarly, electric potential energy can be stored in a uniform electric field between two

to a specific oppositely charged parallel plates (Figure 4A—18 right) as discussed earlier in this chapter,

g%g{‘rfcg?igzt an or in a changing electric field as we move away from a stationary charge (Figure 4—19 right).
Uniform gravitational field Uniform electric field

[ ++++++++++++ + + |

YYYVYY

Figure 4A-18 Gravitational and electric potential energy changes occur (left) when a mass is moved in a uniform
gravitational field, and (right), when a charge, g, is moved in a uniform electric field.

Non-uniform gravitational field Non-uniform electric field

Mass ” Gravitgtional Charge + Electric
potentlal energy potential energy
increases increases

Figure 4A-19 Gravitational and electric potential energy changes (left) when a mass is moved in a non-uniform gravitational
field (left) and (right) when a positive charge is moved in a non-uniform electric field produced by a negative charge.

Electric potential energy changes in a non-uniform electric field

Non-uniform
:'ne‘;tlggtri'g'd As noted earlier, the electric field, E, surrounding a point charge, Q, is given by:
field where the Q
strength and E=k—
direction of the r2
field vary . . . .
The electric force, F, surrounding a point charge, Q, is given by:
Qq
F=k—-=4qk
r
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This means that electric force F
diagrams (Figure 4A-20) follow

the same shape as electric field .

diagrams (Figure 4A—14). Note o

that the radial direction away G ‘P

from the charge is assumed as 0 =
the positive direction for the
electric field.

Note that in Figure 4A—20 (top) =TT - 0 -
ote that in Figure 4A— op), F >
a positive test charge would have O .P

a force acting to the right, while

in Figure 4A—-20 (bottom), a

positive test charge would have ﬁj F
a force acting to the left.

Figure 4A-20 Top left: A positive electric charge and the 3B GRAVITATIONAL
In Chapter 3, we learned that the  direction of the electric force, F, away from it at point P, which POTENTIAL
area under a gravitational force—  is at distance r. Top right: Electric force-distance graph ENERGY

(F versus r) for a positive charge. Bottom left: A negative electric
charge and the direction of the electric force, F, towards it at

to the work done, W, and the point P, which is at distance r. Bottom right: Electric force—
change in potential energy, AEg, distance graph for a negative charge, with negative values of F.

of a mass in a gravitational field F

around a point mass. This is A
also true for charged particles .
in an electric field around a \ 1
point charge.

distance graph corresponds

For example, Figure 4A-21

shows an electric force—distance
graph for the force between

charge +Q at the origin, and |
a point charge + g placed at a :
distance r from it. If a second I
positive charge, +¢, is placed 0 ;
at point B, a distance from A B
a central positive charge as

1 r 1
-t — — — —

Area = work done

=Y

o Figure 4A-21 The electric force distance—-graph for charge +Q
shown in Figure 4A-21, then to at the origin, and a point charge +q placed at a distance r from ﬁj
move it from point B to point it (as shown at top right). The shaded area under the electric
force—distance graph represents the work done in pushing the

charge +g from point B to point A and the change in electric

potential energy as the charge moves from point B to point A.

A, work needs to be done to
move it against the repulsive
electrical force.

At point A, the second positive charge and field will have stored the work done as a

change in electric potential energy. The amount of extra potential energy will be equal to
the shaded area under the electric force—distance graph. If a positive charge is placed at
point A, electric potential energy will be converted to kinetic energy as the charge moves
away. At point B the charge will have kinetic energy equal to the change in electric potential
energy (the shaded area) and it will continue to accelerate away to the right as the potential
energy reduces.
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Worked example 4A-7 The electric potential energy of a charge

A charge +¢ is pushed from position B to position A in Figure 4A—21 (on the previous page).

a Calculate the electric potential energy, E, 5 at point A if the electrical potential
energy at point B =0.1 ] and the shaded area under the graph =0.3 J.
b Calculate the kinetic energy, E,, at point B (E,;) if the charge is released at point A.

Solution

a Electric potential at A is electric potential at B plus the work done in moving a
positive charge from B to A. So:

EpA:O.l +03=04]

b The kinetic energy at point B is the change in electric potential energy between
points A and B, which is the shaded area under the graph. So:

E=03]

Electric potential

The amount of electric potential energy (joules) required to move a coulomb of charge
in an electric field is known as the electric potential, or voltage, V, and is measured in
volts; 1 volt = 1 joule per coulomb (JC1).

By convention, when considering the electric potential from a point charge, the potential
is zero at infinity. This means that when a calculation problem specifies that a charged
particle moves away ‘to infinity, the potential is regarded as falling to zero.

Three-dimensional electric potential diagrams

The real world of electric potentials exists in the three dimensions of space.

Figure 4A—-22 shows a three-dimensional representation of the electric potential of a
particular dioxin molecule. Dioxins are a group of highly toxic chemical compounds that
are harmful to human and animal health. They can cause problems with reproduction,
development and the immune system.

Dioxins have no common
uses. They mostly exist

in our environment as
dangerous by-products of
industrial processes: for
example, bleaching paper
pulp, pesticide manufacture
and combustion processes
such as waste incineration.

Three-dimensional
electric potential diagrams
allow scientists to better
understand the nature

Figure 4A-22 A three-dimensional representation of
the electric potential of the dioxin known as -2,3,7,8-

of dioxins and therefore

possibly mitigate against tetrachlorodibenzo para dioxin (TCDD). Dioxins are a group of
their harmful effects. highly toxic chemical compounds that are harmful to health.
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Electric potential energy changes in a uniform electric field

In Chapter 3, we learned that gravitational potential energy is stored in a field when a mass, 3B GRAVITATIONAL
m, is raised up a height, /4, in a constant gravitational field, g (E .= mgAh). Similarly, electric EﬁEER'g(lAL

potential energy can be stored in a constant uniform electric field.

The electric field strength is given by the equations E = £ and E = v for a uniform
electric field. 1

Equating the two expressions and rearranging them enables us to derive a formula for work
done, W. The latter is force times the distance moved, Fd. So, the work done by an external

force to make a charged particle move a distance, d, against a potential difference, V, can
be found:

g E_V
q d
W=Fd=qV

This is expressed in Formula 4A-5.

Formula 4A-5 Work on a particle in an electric field

W=qV
Where:
W = Work done on a charged particle in a uniform electric field (J) by an external force
q = Charge of the particle (C)

V' = Change in electrical potential from the start to the end point of the particle in
the electric field (V)

Figure 4A—-23 shows a uniform electric field created between two charged metal plates,
with plate A being positive and plate B being negative. The electric potential difference, AV,
equals V, ..

The positive charge, g, has a constant force acting down on it as it moves from A to B over a
distance, d. The work done, W, on the charge is qVig

_ Y _
o po mde

I

AV=Vag Y

Q
D LR

Figure 4A-23 Work, W, being done on a positive charge, g, as it travels a distance, d in a uniform
electric field created between two parallel metal plates with a potential difference across the
plates, AV.
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Low speed
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relativistic
effects can
be ignored
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What happens when a low speed
charged particle enters a uniform
electric field at right angles to
the field? Figure 4A—24 shows
such an example. A positively
charged particle, g, is injected
with a horizontal speed, v, into a
constant uniform electric field, E.
The force acting on the charged
particle in this case will always be
constant and straight down, and
its magnitude is given by F = gE.

This will cause the particle to
follow a parabolic path while
between the two horizontal
charged plates. This is analogous
to the parabolic path followed by
a mass, m, projected horizontally
in a uniform gravitational field, g
(Figure 4A-25).

Figure 4A-24 The path of a positively charged particle, g,
entering a uniform electric field, E, at right angles is a
parabola while in the field.

m Y

O —

—
\\~

Figure 4A-25 The path of a horizontally projected mass, m,
in a uniform gravitational field, g, is a parabola.

Check-in questions — Set 3

1 The diagram below shows a positive charge Q. Point X is 10 cm from the centre of Q and
point Y is 20 cm from the centre of Q.

O - y

a What is the direction of the electric field at point X?

b What is the direction of the electric field at point Y?

¢ Compare the size of the electric field at points X and Y.

d Which point, X or Y, has the greater electric potential energy?

2 Two parallel pates are 10 cm apart. An
electron starting from rest at the surface of
the negative plate is accelerated between
the plates through a potential difference
of 100 V. The charge on the electron is

1.6 x 1071° C.
Calculate the:

1\\10 cm

100V —____ |

a magnitude of electric field between the

two plates

b magnitude of the electric force acting on the electron while in the uniform

electric field

¢ work done on the electron while travelling between the two plates
d Kkinetic energy of the electron just before it arrives at the positive plate.

Eddy de Jong et al © Cambridge University Press & Assessment 2023

Photocopying is restricted under law and this material must not be transferred to another party.



4A ELECTRIC FIELDS AND FORCES @

4A SKILLS VIDEQ 4A-2

SKILLS: ANALYSIS

Analysing the electric field, the work done and the change in kinetic energy on a OF CHARGED
. . PARTICLES
charged particle between two oppositely charged parallel metal plates BETWEEN
, CHARGED
Question PLATES

A uniform electric field is generated between two parallel pates 10.0 cm apart.
A proton, initially at rest, moves from the positive plate to the negative plate. The
voltage drop between the plates is 100 V. The mass of the proton is 1.67 x 10727 kg.

Calculate the:

a magnitude of electric field between the two plates

b magnitude of the electric force acting on the proton while in the uniform
electric field

¢ work done on the proton while travelling between the two plates

d kinetic energy of the proton just before it arrives at the negative plate

e speed of the proton just before it arrives at the negative plate.

Note that the charge of the proton is not given in the original information. This is
the same charge as carried by the electron, but positive not negative: +1.6 x 107 C.

Solution

a To find the electric field, use:

=Y
d

=1000 Vm™!

b To find the magnitude of the force on the proton, use:
F=qE

= (1.6 x 10-19)(1000)

=16x10"1°N
¢ To find the work done on the proton while travelling between the two plates, use:

W=qV

= (1.6 x 1071%)(100)

=1.6x1071]
d The work done is also the change in kinetic energy, so the answer is the same as part c.

W=AE,

=1.6 x10717]

e To find the speed of the proton just before it arrives at the negative plate, use:
qV =AE, = o
2
m
=1.38 x 10° ms™!
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Section 4A questions

Multiple-choice questions

1 The following is an electric field diagram drawn by a physics student for the electric field
surrounding two positive charges.

The electric field diagram is

A correct.

B incorrect as the field lines cross.

C incorrect as all the field lines should be straight not curved.

D incorrect as the field lines should have arrows pointing towards the positive charges.
2 The diagram below shows two positive charges of magnitude Q and 2Q.

[ J
P

o ©
Q 2Q

Which vector best represents the direction of the electric field at point P, which is
equidistant from both of the charges?

A B \ c D \
3 Two large charged plates with equal and opposite charges are placed close together, as
shown in the diagram below.

I
++ + + + +
IR
I
A distance of 5.0 mm separates the plates. The electric field between the plates is equal
to 1000 NC1.
Which one of the following is closest to the voltage difference between the plates?
A 50V
B 200V
C 5000V
D 5000000V
VCAA 2017
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Use the following information to answer Questions 4 and 5.

The diagram shows a charge Q. Point X is 10 cm from the centre of Q and point Y is 20 cm
from the centre of Q. The charge on Q =8.0 x 10~ C.

O - Y

4 The electric field strength at point X is closest to
A 72NC!
B 7.2x10'NC!
C 72x103NC!
D 7.2x10*NC™!

5 Which one of the following correctly shows the electric field strength at Y, if the electric
field strength at X is E?

A

B

N |oh1 o~ |Oh1

t

C E,
D 2E,
Use the following information to answer Questions 6 and 7.

Two positive charges, 4Q and Q, are placed a distance, r, apart as shown below.

The force between them has a magnitude of F.

6 Which one of the following statements is true?
A The charge with a greater magnitude exerts a larger force on the small charge.
B The charge with a greater magnitude exerts a smaller force on the small charge.
C The forces on each charge are the same magnitude and opposite in direction.
D The forces on each charge are the same magnitude and point in the same direction.

7 The distance between the two charges is doubled from r to 2r.

Which one of the following is closest to the force between the two charges?

y.”

A

4
F
2
F

D 2F
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8 Three charges (-Q, +2Q, —2Q) are placed at the vertices of an isosceles triangle, as
shown below.

-Q
+2Q -2Q
Which one of the following arrows best represents the direction of the net force on the
charge —Q?
A -— —
c D

VCAA 2019
9 A metal sphere has a charge of 1.0 x 1078 C on it.
A small sphere with a charge of 1.0 x 10~ C is placed 30 cm from it.
Assume both can be considered point charges.
Take k=9.0 x 10°.
Which one of the following best gives the magnitude of the force on the small sphere?
A 11x107“N
B 1.0x10°N
C 30x10°N
D 3.0x10°N
VCAA 2017
10 A charge, which is initially at rest, is accelerated through a potential difference of 500 V
and increases its kinetic energy by 4.0 x 10~ J. Which one of the following is closest to
the magnitude of the charge?
A 40x108C
B 8.0x108C
C 40x107C
D 80x107C

Short-answer questions

11 Two equal negative charges are placed as shown.

a Copy the diagram and draw a representation of the electric field lines between and
surrounding the two charges.
One of the negative charges, —Q, is now replaced with the same magnitude positive

charge, +Q, as shown.

b Copy the diagram and draw a representation of the electric field lines between and
surrounding the two charges.
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12 The diagram shows two equal positive stationary point charges placed near each other.

O O

Copy the diagram and sketch the shape and direction of the electric field lines. Use at
least eight field lines.

VCAA 2019

13 The diagram shows a charge, Q. Point X is 10 cm from the centre of Q and point Y is
20 cm from the centre of Q. The charge on Q =+2.0 x 108 C.

O - v

Calculate the magnitude and direction of the electric field at points X and Y.
b How would your answers change if Q was a negative charge of twice the magnitude?

o

14 a Describe one difference between electrostatic forces acting on charges and
gravitational forces acting on masses.
b Describe one important similarity between electrostatic forces and gravitational
forces. Hint: distance.

15 Three charges are arranged in a line, as shown.

© - O O

Draw an arrow at point X to show the direction of the resultant electric field at X. If
the resultant electric field is zero, write the letter ‘N at X.
VCAA2017
16 Two negative charges on insulated metal spheres are at a distance of 20 cm apart as
shown. Q;=-1.0x 10®*Cand Q,=-9.0 x 10*C. Use k=9.0 x 10° Nm?*C2

Calculate the distance from charge Q,, where the electric force is zero.
17 Four equal positive charges, Q, are placed at the corner of a

square as shown. A positive test charge is placed at point X in the

centre of the square.

a What is the net force acting on the positive test charge placed

at point X?
b Explain your answer to part a. @ @

18 The diagram shows a positive charge, Q. Point X is 10 cm from
the centre of Q and point Y is 20 cm from the centre of Q.

O - v

What is the direction of the electric field at point X?

What is the direction of the electric field at point Y?

Compare the size of the electric field at points X and Y.
Which point, X or Y, has the greater electric potential energy?

o 0 T o
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19 The diagram shows the force—distance graph for a positive charge.

Force (MN)

O || TP

[}

|

|

|

A B

Distance, r (cm)

Estimate the change in electric potential energy if the distance between the points A
and B is 20 cm.

20 The electron gun section of a particle accelerator accelerates electrons between two
plates that are 10 cm apart and have a potential difference of 5000 V between them.

Mass of electron 9.1 x 103 kg
Charge on electron (- 1.6x101°C

a Calculate the electric field between the plates. Include an appropriate unit.
Calculate the magnitude of the force on an electron between the plates.
Calculate the speed of the electrons as they exit the electron gun. Ignore any
relativistic effects. Assume that the initial speed of the electrons is zero.
VCAA NHT 2018
21 A charged particle carrying charge Q and travelling at speed v enters a uniform electric
field, E. The charged particle is deflected vertically a distance d while travelling through
the uniform electric field as shown.

Q

~_
| |

a Is the charged particle positive or negative? Justify your answer.
Is the force acting on the charged particle constant or changing? Justify your answer.
Is the speed of the charged particle as it leaves the uniform electric field less, the
same, or greater than when it entered the uniform electric field? Justify your answer.
A particle carrying the same charge, Q, enters the field travelling at a speed 2v.

/

d Does the deflection distance, d, decrease, stay the same, or increase? Justify
your answer.

Another charged particle, carrying charge

at speed v.

Q

- enters the uniform electric field travelling

e Does the deflection distance, d, decrease, stay the same, or increase? Justify

your answer.
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Magnetic fields and forces

gravitation, and electricity
gravitational, and electric

and monopoles

whereas masses only attract each other
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ﬁ ENGAGE

Low-level flying

Imagine you are flying along at over 600 kmh~!, without noise or vibration, not at
10000 m altitude in an aircraft, but in a newly designed passenger train, ‘flying” only

a few millimetres above a specially fabricated train track. The secret of this mode of
travel is magnetism. Such trains are supported and propelled by magnetic fields. One of
the most advanced of these experimental magnetic levitation (maglev) trains is shown
in Figure 4B—1. This is China’s new experimental maglev bullet train, which travels at
speeds of 600 kmh~! on a magnetic ‘cushion’

Figure 4B-1 China’s new experimental maglev bullet train, which can travel at 600 km h-1 on a
magnetic ‘cushion’

On the other hand, you may want to travel at high speeds in a more conventional train —
one that still uses wheels and electric motors! The Train a Grande Vitesse (TGV) in
France uses conventional 22000 V DC (direct current) motors to transport people at
330 kmh! on a regular basis (and has recorded a maximum speed of 515 kmh™!).

Australian engineers are examining the TGV as a model for the ‘Very Fast Train’ (VFT),
which has been suggested as an alternative to aircraft for inter-capital express travel
throughout Australia. How do such trains, either using conventional electric motors or
linear induction maglev-style propulsion, work? Can the same technology be applied to
personal transport? Could we have low flying ‘maglev’ cars? Will the advent of new high
temperature superconducting materials give rise to radically new designs in electrical
motors? And will these provide us with cheaper, more efficient, lighter and more reliable
electric motors and electric cars?
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EXPLAIN

Magnetism

You will be familiar with the fact that a
permanent magnet attracts paper clips,
nails, keys and other objects made of
iron (Figure 4B-2).

All magnets, no matter what

their shape (e.g. bar, horseshoe or
cylindrical), have two ends or faces
called poles, where the magnetic effect
is strongest. By convention, these poles
are called the north and south poles
respectively (the technical term for
this is a magnetic dipole).

Whenever a magnet is broken, the
individual pieces are each (weaker)
magnets, also having two poles. This
process of creating smaller and weaker
magnets, by continually breaking up
magnetic materials, can continue right
down to subatomic particles. Even
protons and electrons have magnetic
dipoles (Figure 4B-3).

Magnetic fields

The region around a magnet, where

4B MAGNETIC FIELDS AND FORCES @

Figure 4B-2 The neodymium—iron—boron magnet
is the strongest permanent magnet material in
wide-scale use today.

Figure 4B-3 Even subatomic particles like electrons
have magnetic dipoles.

magnetic effects can be experienced, is called the magnetic field and can be demonstrated

using iron filings (Figure 4B—4 left).

The direction of the field, at a point, is taken to be the direction of force that would be on a
magnet’s north pole if it was placed at that point (Figure 4B—4 right).

Arrows are used to indicate the direction of the force. Note that both of these figures show
a two-dimensional representation of the magnetic field. The magnetic field (which is given
the symbol B) is a vector quantity, since it has both magnitude and direction. The SI unit of

magnetic field is the tesla (T).

Figure 4B-4 All permanent magnets have a north and south pole. The magnetic field surrounding a
magnet can be visualised using iron filings (left) and represented using arrows (right).
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Magnetic dipole
any object that
generates a
magnetic field in
which the field
is considered to
emanate from
two opposite
poles, as in

the north and
south poles of

a magnet

Magnetic field
the property

of the space
around a magnet
that causes

an object in

that space to
experience a
force due only to
the presence of
the magnet
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Measuring magnetic fields

The strength of a magnetic field is measured in a unit called tesla (T).

The strength of Earth’s magnetic field at its surface is small, about one ten-thousandth
of a tesla (0.1 mT). A typical fridge magnet has a strength of approximately 30 mT. The
strength of a magnetic field of a typical school bar magnet is about 0.5 T, the strength of
a very strong physics laboratory magnet is about 5.0 T.

Physicists have developed very sensitive magnetic detectors and can measure
magnetic fields as low as 8 x 107> T. Apart from pure research into the mechanisms
of magnetisation and the tracing and mapping of geological mineral ore bodies from
low-flying helicopters, the measurement of weak magnetic fields also enables medical
diagnosticians to examine the very weak magnetic fields generated, for example, by the
heart and the brain.

The magnetic field exists in three dimensions. A close-up photograph of the iron filings
pattern between the north pole of a bar magnet and the south pole of a horseshoe magnet
shows the three-dimensional nature of the magnetic field (below).

Figure 4B-5 The three-dimensional nature of magnetic field lines can be seen when iron filings are
gathered between the north pole of a bar magnet and the south pole of a horseshoe magnet.

In 1846, Michael Faraday introduced the concept of magnetic field lines to explain how
magnets could attract and repel each other.

Faraday’s rules for magnetic field lines are listed below:

« Each magnetic field line is a continuous loop that leaves the north end of the magnet,
enters at the south end and passes through the magnet back to the north end.

« Field lines do not intersect.

o The closeness of the magnetic field lines represents the strength of the magnetic field.
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Magnetic field diagrams can be used to explain why magnets attract each other and repel

Uniform
each other as shown in Figure 4B—4. The forces between magnets can be attractive, when magnetict_fi?!dld
unlike poles are placed near each other (Figure 4B—6 left) or repulsive, when like poles are ?nn\,]\,ahgi’zﬁ {ﬁel.e
placed near each other (Figure 4B—6 right). Note that between the poles in Figure 4B-7, ‘S’?r';?g‘t’; tr:?n g?r']‘sj
|
there is a section of almost uniform magnetic field. tihe sarme &tk alll
points
Figure 4B-6 Magnetic field lines shown by iron filings for attraction: north—south magnets (left) and
repulsion: north—north magnets (right)
U-shaped magnets can exhibit a greater region
of uniform magnetic field (Figure 4B-7). The
magnetic field is not changing and is therefore
said to be a static field. Static field
a field that is

not changing

Magnetic dipoles

All of the magnetic field diagrams show a north
pole and a corresponding south pole; in other
words magnetic fields are examples of dipole
fields. This is different to electric and gravitational \ )
fields, where monopoles exist (see Worked @ /
example 4B-1). To date, there is no evidence for Figure 4B—7 A two-dimensional view of
the existence of magnetic monopoles (see note). the magnetic field between the poles of

a U-shaped magnet. Note the region of
uniform magnetic field.

NOTE

The magnetic monopole

To date, it has not been possible to isolate a single magnetic pole. However, since Paul Dirac’s
1931 theoretical prediction that they should exist, physicists have been searching for them
continuously. The guiding principle for the prediction is the symmetry of nature. For example,
the existence of the negative electron suggested the existence of the positive electron (positron).
This positron was subsequently discovered and is now the basis of an invaluable medical
diagnostic technique known as positron emission tomography (PET). So far, no one has been able
to find an isolated magnetic pole (that is, without its corresponding opposite magnetic pole).
The absence of experimental confirmation of the existence of magnetic monopoles creates a
serious theoretical threat to the idea of an underlying symmetry between our understanding of
electricity and of magnetism.
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Worked example 4B-1 Dipoles and monopoles

A

Left

QIO
QIR
Py

Viewed from left

Gravitation, magnetism and
electricity can be explained using
a field model. According to our
understanding of physics and
current experimental evidence,
these three field types can be

Field type | Only Only Monopoles
monopoles | dipoles | and dipoles

Gravitation

Magnetism

Electricity

associated with only monopoles, only dipoles or both monopoles and dipoles. Copy and
complete the table by ticking the appropriate box to indicate whether each field type can
be associated with only monopoles, only dipoles or both monopoles and dipoles.

Solution

There is only one variety of mass; it doesn’t come in negative or positive like electric
charge, or north or south like magnetic poles. Therefore, gravitation is associated only

with monopoles.

In magnetism there are north and south poles that exist together in north—south pairs
with no evidence that they exist on their own. Therefore, magnetism is associated only

with dipoles.

Electric charges come in positive
and negative varieties, which can
exist separately as monopoles or in
positive—negative pairs. Therefore,
electricity is associated with both
monopoles and dipoles.

Field type | Only Only Monopoles
monopoles | dipoles | and dipoles

Gravitation v

Magnetism v

Electricity v

Representing a magnetic field in three dimensions
Representing a magnetic field often requires a three-dimensional view. To achieve this

on a flat two-dimensional page, a convention is adopted called the arrow convention.
The symbol of a circle with a dot in the middle is often used to represent a magnetic field

Page

\j

vy

\J

Viewed from right

Figure 4B-8 Magnetic fields going into the page as viewed from the left and
coming out of the page as viewed from the right, using the arrow convention.

)
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coming out of a page (arrow head
coming towards you) and a circle
with a diagonal cross is often used
to represent a magnetic field going
into the page (arrow tail going
away from you). Note that in some
diagrams, just the arrow heads
(dots) and tails (crosses) are used,
without the surrounding circles.

Figure 4B—8 demonstrates this. The
eye on the left sees the magnetic
field going into the page (arrow
tails) and the eye on the right sees
the magnetic field coming out of
the page (arrow heads).
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Check-in questions — Set 1

1 The diagram shows two bar magnets with the opposite poles facing each other.

a Copy the diagram and draw the magnetic field lines between the poles of the two
magnets.
b Describe the magnetic field between the poles of the two magnets using the words
‘static; ‘changing, ‘uniform’ and ‘non-uniform’
2 What are Faraday’s three rules for magnetic field lines?
3 a Correctly identify which of the following two diagrams, A and B, represent the
magnetic field going into the page and coming out of the page.

OJOJO] gy
OO 19X
OO VKX

b Explain the arrow convention used in representing magnetic fields.

Electromagnetism

In 1820, the Danish physicist Hans Christian Qrsted noticed that the needle of a
compass, placed next to an electrical wire carrying a current, created forces on the
needle (Figure 4B-9 left) that eventually turned the needle of the compass so that it
was perpendicular to the wire (Figure 4B-9 right).

Resistor Resistor

1.5V battery 1.5V battery

Figure 4B-9 In 1820, Hans @rsted discovered that an electric current creates its own magnetic field that
forces the compass needle to turn perpendicular to the current-carrying wire.
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Electromagnetism
the branch of
physics that
considers the
connection between
electricity and
magnetism

Right-hand

grip rule

a mnemonic used
to determine the
direction of the
magnetic field
produced by a
current-carrying
wire. The thumb
indicates the
direction of the
current and

the curled grip
represents the
field lines.

ISBN 978-1-009-25901-9

Orsted had discovered a connection between electricity and magnetism — electromagnetism. He
found that a wire carrying a current shows an associated magnetic field (Figure 4B—10 left).

A straight current-carrying wire creates a circular magnetic field around it. The direction
of the circular field is determined by using the right-hand grip rule (Figure 4B—10 right).
For this rule, the thumb indicates the direction of current and the curled grip indicates
the direction of the field lines. The strength of a magnetic field around a current-carrying
wire is proportional to the magnitude of current flowing in the wire and decreases radially

outward from the wire.

_/

/

Figure 4B-10 Left: @rsted’s discovery of the existence of a magnetic field, B, (green lines) around
a wire carrying an electric current, /. Right: The right-hand grip rule, where [/ is the current-carrying
wire and B is the magnetic field. Recall the convention for current direction is from the positive to

negative terminal.

The arrow convention is used to indicate the direction of the current if the wires go into or
come out of the page. A cross represents the tail of an arrow, while the dot represents the
head of an arrow. Applying the right-hand grip rule creates magnetic fields surrounding the

currents as shown in Figure 4B-11.
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Figure 4B-11 Magnetic field for current-carrying wires with current coming out of the page (left) and

current going into the page (right)
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The arrow convention is also used for the magnetic field going into or ] F?gurg 4B-12 The
i t of th h in Fi 4B—12. dlrectlon of the

coming out of the page as shown in Figure T / e ol

Two current-carrying wires arranged parallel to each other will each B, in and out of

have their own magnetic field. The direction of the magnetic field

the page, can be
determined using

around each wire is given by the right-hand grip rule. If the two wires . X the right-hand

are brought closer together, they interact. The interaction can result

Boutof 11 BINtO grip ryle for a

o . X . age age :
in either an attraction or repulsion of the wires. When the currents Pag PAES  current-carrying

are in the same direction, the wires attract (Figure 4B—13 top).

wire, where [ is the
current and B is

When the currents are in opposite directions, the wires repel the magnetic field.

(Figure 4B—13 bottom).

Other current-carrying wire
geometries can concentrate
the magnetic field. For
example, a single loop

of wire concentrates the
magnetic field in the centre
of the loop (Figure 4B—14
left). By making a coil of
wire with lots of loops, it

is possible to create a very
intense magnetic field. Such
a coil of wire is called a
solenoid. When an electric
current flows in the coil, a
magnetic field is produced
in and around the solenoid.
Figure 4B—14 (right) shows
that the magnetic field
created by the solenoid

is similar to that of a

bar magnet.

| i

Figure 4B-13 Two current-carrying wires attract when current runs through
them in the same direction (top) and repel when current runs through them
in opposite directions (bottom).

Solenoid

a coil of wire that
creates a magnetic
field when current
is passed through it
that is similar to a

bar magnet
Figure 4B-14 Left: A single loop of wire concentrates the magnetic field in the centre of the loop.
Right: A coil of wire with many loops (solenoid) creates an even stronger magnetic field.
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@ CHAPTER 4 ELECTRIC AND MAGNETIC FIELDS

In 1823, an English electrical engineer, William Sturgeon, placed an iron rod inside a
solenoid (Figure 4B—15). This increased the strength of the magnetic field produced by

Electromagnet the solenoid. Sturgeon had invented the electromagnet, which could be turned on and
iocnoslils(t)ifnglg? off, made stronger by increasing the current and constructed into large configurations.

an iron or steel Modern electromagnets (Figure 4B—16) can produce magnetic fields up to a thousand times
core, through . pe . . .

which a current stronger than the magnetic field produced in a solenoid using the same current.

is passed

~ L eeneens
P 6000000

Figure 4B-15 An electromagnet made by placing an iron rod inside a solenoid. The magnetic field
surrounding the electromagnet is similar to that of the solenoid, but can be up to one thousand
times stronger.

Figure 4B-16 500 kg of hot metal chips are transported into an industrial furnace by an
electromagnet. The furnace then creates cast metal for wind turbines.
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Check-in questions — Set 2

1 The diagram shows an electromagnet and its associated magnetic field. A physics
student is looking at it, as shown by the eye at the right-hand end.

a From the student’s viewpoint, in which direction is the current in the electromagnetic
coil going (clockwise or anticlockwise)?
b Give three reasons why electromagnets are more versatile than permanent magnets
for industrial uses.
2 A small compass is placed next to a solenoid, as shown in the diagram. Determine the
direction (P, Q, R, or S) that the north pole of the compass would point to when the
solenoid is connected to the battery.

Q
€
P R
S
Forces on current-carrying wires in magnetic fields TANEWTON'S

LAWS
With the development of electromagnets, very strong magnetic fields could be created.

This meant that the reverse of Qrsted’s discovery could be investigated: what is the effect
of a magnetic field on a current-carrying wire? Qrsted’s experiment demonstrated that
the magnetic field due to the
current exerts a force on the
. slap rule
magnetic field of the compass. / e
So, according to Newton’s third Lt o
determine
law, the compass should exert an the direction
equal and opposite force on the o i e
current-carrying wire.

Wire carrying current, / Right-hand

on a current-
carrying wire

in a magnetic
field. The thumb
indicates the
direction of the
current, the
fingers represent
the magnetic
field and the
palm faces in
the direction of

If a straight current-carrying wire,
I, is placed between the poles

of two magnets, such a force,

F, is observed (Figure 4B—17).
The direction of the force

on the wire is given by a rule

known as the right-hand slap rule VF the force.
(or right-hand palm rule), shown
in Figure 4B—19 on page 207. Figure 4B-17 In an external magnetic field, a current-carrying ﬁj

conductor experiences a force.
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No magnetic force is produced if the current-carrying wire is parallel or anti-parallel to the
magnetic field (Figure 4B—18). For the purposes of this course, only current-carrying wires
that are perpendicular or parallel to the magnetic field are considered.

B

»
-

>

»
-

Figure 4B-18 No magnetic force is produced if the current-
carrying wire is parallel or anti-parallel to the magnetic field.

Experimental observations of the magnetic force applied to the current-carrying wire show
that there is a larger force on the wire if:

o the strength of the magnetic field increases

« the magnetic field acts on a larger current in the wire

« the magnetic field acts on a longer section of wire

o there are more wires in the magnetic field.

Combined, these findings can be expressed as Formula 4B-1.

Formula 4B-1 Magnetic force on current-carrying wires

F=nllB

Where:
F = Force on current-carrying wire(s) in a magnetic field (N)
n = Number of wires
I = Current in each wire (A)
[ = Length of each wire (m)
B = Strength of the magnetic field (T)

Worked example 4B-2 Calculating the magnetic force on a wire

Calculate the magnitude of the force acting on a straight wire of length 2.0 m carrying a
current of 3.0 A in a magnetic field of strength 1.5 T if the wire is perpendicular to the
magnetic field.

Solution

As the current-carrying wire is perpendicular to the magnetic field, there will be a
magnetic force acting.

Use the magnetic force equation, F = [IB (as it is a single wire, n = 1).
Substitute the values into the magnetic force equation.
F=(3.0)(2.0)(1.5)
=9.0N
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Right-hand slap rule

The right-hand slap rule is a simple mnemonic, shown in Figure 4B—19, that can be used to
determine the direction of the force on a current-carrying wire in a magnetic field. Using
your right hand, with fingers outstretched and flat, point the thumb in the direction the
current is moving and the outstretched fingers in the direction of the magnetic field. The
direction of the resulting force on the current-carrying wire is the direction in which your
palm is pointing.

Fingers
Field, B Palm

\ Force, F

Thumb
Current, /

Figure 4B-19 The right-hand slap rule: point the thumb of your right hand in the direction of the
current and the fingers in the direction of the magnetic field. The force on the current-carrying wire
will point out from the palm.

Check-in questions — Set 3

1 Rutherford used a magnetic field to investigate the charge on particle rays being emitted
from radioactive polonium, as shown in the diagram below. The particle rays are labelled
as X, Y and Z.

Lead shield

X X X X X

Radioactive polonium z Bin

Determine the charge of each particle ray and explain how you determined the charge.
2 Calculate the magnitude of the force acting on a straight wire of length 10.0 cm carrying

a current of 200 mA in a magnetic field of strength 0.50 T if the wire is:

a perpendicular to the magnetic field

b parallel to the magnetic field.
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Torque

a measure of
how much of
a force acting
on an object
is causing it to
rotate

DC motors

If a loop of wire is placed in a magnetic field, it will experience forces when a current is
passed through it. Figure 4B—20 (left) shows the forces on a loop of current-carrying wire
in a magnetic field. You can easily check the direction of the force using the right-hand slap
rule. The loop tends to rotate about the horizontal axis, around the pivot point. The forces
on the sides, if we call positive up, are +I/B (on the left) and —I/B (on the right) per loop.
These forces generate a turning moment (torque).

The greater the number of loops, the greater the overall turning effect.

Taking a closer look at the front of the loops in Figure 4B—20 (left), we can see that the
battery providing the electric (direct) current is connected via carbon brushes to a split
ring commutator. This reverses the current exactly each half cycle, providing the necessary
pair of forces to keep the device spinning. In essence, this is an electrical direct current
(DC) motor.

Flow of current Coil Direction
of rotation

Figure 4B-20 A pair of forces are created when a loop of current-carrying wire is placed in a magnetic field.
Because of the design geometry, this pair of forces produce a turning moment (torque) around the pivot point.
This effect is the basis for all simple direct current (DC) motors.

When the plane of the loop has turned to the vertical, the pair of forces wants to pull the
loop apart; only the clockwise angular momentum of the spinning loop keeps it turning at
this point (otherwise it would be in a ‘dead spot’ and would not rotate at all).

You might expect the pair of forces at this stage would now cause the loops to reverse
direction and head back to the vertical position. This would be the case except that the
current is reversed when the loops reach the vertical position. This is done via the split ring
commutator that sits in front of the motor. It reverses the battery’s electric current to the
loops exactly each half cycle.

The magnetic field can be provided by a permanent magnet or by an electromagnet. A
practical commercial DC motor, an electric drill for example (Figure 4B—21), not only has
many loops (perhaps hundreds or thousands) in a single coil (called an armature winding),
but it also has many groups of these coils wound at various angles on thin iron strips
(laminations). The two ends of the armature windings are connected to many strips of
copper called segments, which make up the split ring commutator (see Figure 4B—22).
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Carbon brushes

Armature windings

Stator coils

Split ring
commutator

Figure 4B-21 Cross-section showing an electric Figure 4B-22 A typical multi-coil DC electric motor showing the main
motor in a drill features. The stator coils produce an electromagnet that provides
the magnetic field. The split ring commutator supplies current to the
armature windings to ensure maximum torque will be experienced.

In 1821, Michael Faraday created the world’s first DC electric motor (Figure 4B—23).

Figure 4B-23 Left: Michael Faraday, 1821. Right: The first electric motors — Michael Faraday, 1821 (Quarterly Journal
of Science, Vol XIlI, 1821)

For his motor, Faraday created a circuit comprised of a wire, a battery and a dish of
mercury (a very good electrical conductor but can produce dangerous vapours). The wire
was arranged so that one end hung free in the mercury bath. When current ran through
the circuit, it generated a circular magnetic field around the wire (seen in the far right-hand
side of Figure 4B—23 right). The wire’s magnetic field interacted with the magnetic field of
a permanent magnet fixed in the centre of the mercury bath. This caused the wire to rotate
around the magnet. Faraday had converted electrical energy into rotational kinetic energy
(movement).
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Torque

To make an object start to rotate requires a force. However, the direction of this force and
where it is applied are also important. For example, if you take your pen and apply a force to
its end in the direction indicated in Figure 4B—24a, you will not get any turning effect.

Now, compare the situations shown in Figure 4B—24 (a—c). If you now apply the same force,
F, to the pen but at different distances (r, and r,) from the pivot point or hinge, the effect will
be different. The closer you get to the hinge, the less effect the force has in turning the pen.

Note that this effect is often used in levers. In other words, the turning effect is dependent
upon not only the magnitude and direction of the force, but also on where the force is
applied relative to the hinge. The turning effect is proportional to the product of the force
multiplied by the length of the lever arm (i.e. Fr, in Figure 4B—24b or Fr, in Figure 4B—24c).

If you apply a force at an angle to the pen, (Figure 4B—24d) only the component of the
force, F sin 0, perpendicular to the lever arm has a turning effect.

This turning effect is given by the product of the lever arm distance and the force applied. It
is called the moment of the force or torque and is abbreviated by the Greek lowercase letter
tau, 7.

7=rF (where r and F are perpendicular)
7=rF sin 6 (where r and F are at an angle 6)

The SI unit for torque is newton metre (Nm).

F t=Fr] ’EZFfQZF%rl ‘L'=Ff1$ine
F %
t=0 i i
| F i
! ! !
Pen P | 1
' 2
Pivot point ' ' '
or hinge . 2 g ’
a b c d

EJ Figure 4B-24 (a—d) Applying the same force, F, at different points on a pen gives different values for
4.

the torque, 1. Note the distance from pivot point or hinge r, = %rl.

ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
Photocopying is restricted under law and this material must not be transferred to another party.



4B MAGNETIC FIELDS AND FORCES @

Torque in electric motors

For electrical motors, the torque will be dependent upon the force (given by F = IiB for
one loop and F = unl[B for n loops of wire) and the lever arm of the wire from the centre of
rotation. When the loop is parallel to the magnetic field, the torque is a maximum. When
the loop is perpendicular to the field, the force has no component perpendicular to the
lever arm and so the torque is zero. The graph of the torque, 7, plotted against time for one
complete rotation is shown in Figure 4B-25.

a c e
®)AB
' N '
CD AB
o) — ® T ' ® ! o) ® T
AB > cD
A A A

CcD

7 Torque (Nm)

> Time(s)

O —hmmmmmmmmm - -
[ [ S R

f
r
2

Figure 4B-25 The graph of torque plotted against time for one complete rotation of a simple electric ui_j
motor. The spinning of the motor (its angular momentum) keeps it moving through the positions L3
where the torque is zero (position c). At point e, it swaps to a and the cycle starts again.
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Check-in questions — Set 4

1 Explain the role of the split ring
commutator in a DC motor. B=02T
2 A rectangular loop of wire, ABCD,
with the dimensions as shown on
the right, is in a magnetic field of
strength 0.20 T. The current in
the loop is 1.0 A.
Calculate the magnitude of the:
a magnetic force acting on
side AB when it is in the
position shown
magnetic force acting on side BC when it is in the position shown
¢ torque about the axis of rotation that acts on side CD in the position shown.

Magnetic force on moving charges

The fact that electric currents can produce magnetic fields led physicists to believe that all
magnetic effects were due to electric currents. In fact, to explain permanent magnetism, it
is theorised that each electron has its own magnetic dipole associated with it, a result of the
motion of the electrons within the atoms themselves.

Just like current carrying wires, moving electric charges can interact with external magnetic
fields. This effect is detectable and the basis of a number of modern technologies including
Synchrotron mass spectrometers, uranium isotope enrichment plants, medical cyclotrons, synchrotrons

2 ctggligt CE) rartide (such as the Australian Synchrotron in Melbourne) and cathode ray oscilloscopes (CROs).

where the . . . . . T PR
particle beam Instead of the moving charges being contained in a current-carrying wire, individual
travels in a charged particles move through a magnetic field often in an evacuated chamber.

closed-loop path
The force acting on each charged particle depends on the strength of the charge, g, the
velocity at which it moves, v, and the strength of the magnetic field, B, and the direction of v
relative to B.

This relationship is expressed in Formula 4B-2.

Formula 4B-2 Magnetic force on moving charge

F=qvB

Where:
F = Magnetic force on the charged particle (N)
q = Charge of the particle (C)
v = Velocity of the particle (m s™)
B = Strength of the magnetic field (T)

Note: The direction of the force acting on the charged particle is given by the right-hand
slap rule.
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Direction and velocity of charged particles in a magnetic field

For the purposes of this course, only the motion of charged particles that are travelling
perpendicular or parallel to the magnetic field are considered. In addition, the velocity of
the particles considered are such that their velocity is much less than the speed of light
(v << ¢), meaning that relativistic effects are not considered in this part of the course.

Figure 4B—26 (left) shows a positive charge travelling to the right through a magnetic field
into the page. The force acting on the charge will be, at that instant, in the upward direction
perpendicular to both the velocity and the magnetic field. A fraction of time later, because
the charge has now changed direction under the influence of the force, the velocity vector is
in a different direction. Therefore, the new force will be perpendicular to this new velocity
vector (Figure 4B—26 right). This regular change will cause the particle to travel in the

arc of a circle (if the force is large enough it will cause the particle to complete a circular
pattern, see Figure 4B—30 on page 215). Note that if the charge were negative, the force

on the negative charge would be down. Note also that a negative charge going to the left is
equivalent to a positive charge going to the right.

Path followed by

/positively charged F
B X X * particle in a * * i X

uniform magnetic /

U

'I

¢ § G Vv

',' field 2
X X R4 X X X X X X
4
@:""
V

X X X X X X X X

X X X X X X X X

Bim Bm

Figure 4B-26 The positive charge travelling to the right at velocity v through the magnetic field acting
into the page has a magnetic force acting on it, given by F= qvB. Using the right-hand slap rule,

the direction of the force at this instant is up the page. The force always acts perpendicular to the
direction of the movement and so causes the particle to follow the arc of a circle, or even a complete
circular path.

Cosmic rays and discovery of the positron
In 1932, Carl Anderson was photographing the tracks
of cosmic rays in a cloud chamber when he noticed that
some particles, created when the cosmic rays interacted
with a lead plate, were deflected the opposite way to
the deflection of the electrons (Figure 4B—27). As the
particles had the same deflection characteristics as
electrons, he reasoned that they were positively charged
anti-electrons or positrons. This confirmed a theoretical
prediction, made by Paul Dirac in 1931, of the existence
of an anti-electron that would have the same mass as
an electron but the opposite charge. Dirac postulated Figure 4B-27 Photograph taken by Carl Anderson
these two particles would mutually annihilate upon in 1932 of positron and electron tracks in a
interaction and produce gamma rays. This is the basis of ~ Wilson cloud chamber produced by a cosmic
medical gamma ray diagnosis based on positron emission shower. The electrons and positrons travel from
right to left in the photograph and the magnetic
tomography (PET) scans. Carl Anderson was awarded the  fig|d is into the page. This bends the electrons
Nobel Prize in 1936 for his discovery of the positron. up, while the positrons are bent down.

ISBN 978-1-009-25901-9 Eddy de Jong et al © Cambridge University Press & Assessment 2023
Photocopying is restricted under law and this material must not be transferred to another party.



@ CHAPTER 4 ELECTRIC AND MAGNETIC FIELDS

8B SIMILARITIES
BETWEEN LIGHT
AND MATTER

Solar wind

a stream of
charged particles
from the Sun,
consisting
mainly of
electrons,
protons and
alpha particles

Charged particles interacting with Earth’s magnetic field

Earth’s magnetosphere is not as symmetrical as that of the bar magnet. This is because Earth’s
magnetic field interacts with the solar wind emanating from the Sun (Figure 4B—-28).

Earth’s magnetic field also forces charged solar particles (consisting mainly of electrons,
protons and alpha particles with kinetic energies between 0.5 keV and 10 keV) towards the
North Pole and South Pole, where they create brilliant aurorae ( Figure 4B—29).

Figure 4B-28 The comet-like shape of Earth’s magnetosphere (blue) is created by the interaction
of the magnetic field with the solar wind (the yellow lines streaming away from the Sun). The
magnetosphere is very important for life on Earth as it deflects most of the charged particle
component of the incoming solar radiation, which is ionising radiation with the potential to damage
cells. Some of the charged particles are deflected towards the poles, where they produce brilliant
displays known as aurorae.

Figure 4B-29 Aurora Australis, reflected in the Southern Ocean, Antarctica, caused by the
interaction of charged particles from the Sun with Earth’s magnetic field
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Charged particles: moving in circles

Figure 4B—30 shows a positively charged particle, g, travelling in a circle of radius, 7, @ gﬂ%ﬁl&\? ULAR
with speed, v, in a uniform magnetic field, B, where the velocity is perpendicular to the
magnetic field.

X X X X

X X X X

x x x x

x x x x

X X X X X X X X X mTj
L8

Figure 4B-30 Circular motion of a charged particle in a uniform magnetic field
2

my
The magnetic force, F = qvB, provides the centripetal force, F=
motion of the particle in a circular path.

, required for the

Formula 4B-3 Equation for charged particles moving in circles

Where:
q = Charge of the particle (C)
v = Speed of the particle (m s™1)
B = Strength of the (uniform) magnetic field (T)
m = Mass of the particle (kg)

r = Radius of the circular motion (m)

This means that the radius is given by r = m_;
q
This implies that:
o the heavier the mass, the larger the radius.
o the faster the object, the larger the radius.
+ the stronger the magnetic field, the smaller the radius.

« the larger the charge, the smaller the radius.
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9D MASS
AND ENERGY
EQUIVALENCE

Particle
accelerator

a machine

that uses
electromagnetic
fields to propel
or bend the
path of charged
particles

8A MATTER AS
PARTICLES OR
WAVES

Electron gun
a device that
uses a heated
cathode to
provide free
electrons

for linear
accelerators

ISBN 978-1-009-25901-9

Particle accelerators

Particle accelerators involve the acceleration of charged particles in uniform electric and
magnetic fields, including the change of speed caused by electric fields and the change of
direction caused by magnetic fields.

Practical applications of particle accelerators include electron microscopes, mass
spectrometers, synchrotrons and medical linear accelerators. Figure 4B—31 (left)
shows an electron microscope image of a gall midge (note the 50 pm scale on the
image). Figure 4B-31 (right) shows a medical linear accelerator used in treatment of
cancerous tumours.

Figure 4B-31 Left: An electron microscope image of a gall midge. Right: A medical linear accelerator
(LINAC) delivers high-energy X-rays or electrons to a precise region of the patient’s cancerous tumour.

At the heart of most particle accelerators is an electron gun. Figure 4B—32 shows a
schematic diagram of a simple electron gun. The acceleration voltage can be varied so that
the electrons can be given a variety of velocities and energies, and in the case of electron
microscopes, very precise selectable wavelengths.

Hot cathode
Anode
O
Heater voltage ( ( -
(0-6V) o l U Electron beam

- +
I S r
Acceleration voltage Evacuated glass tube
(100-5000 V)

Figure 4B-32 Schematic of an electron gun, which produces an electron beam

If the acceleration voltage for the electron gun is V and the charge being accelerated is g,
the following equations apply:

qV:AEk:lmv2
2
_ [Ec_ [2av
m m

Eddy de Jong et al © Cambridge University Press & Assessment 2023

Photocopying is restricted under law and this material must not be transferred to another party.



4B MAGNETIC FIELDS AND FORCES @

Worked example 4B-3 Calculations in a particle accelerator

An electron, initially at rest, is accelerated from the cathode to the anode in an electron
gun through a voltage of 1000 V. Take the charge on an electron as 1.60 x 10*° C and
the mass of an electron as 9.11 x 1073! kg.

Calculate:

a the kinetic energy of the electron as it arrives at the anode
b the speed of the electron as it arrives at the anode.

Solution
a E=qV
=(1.60 x 10-1°) (1000)
=1.60 x 1071¢]
b v= ﬂ
m

=1.87 x 107 ms!

Previously it was shown that a charged particle travelling at speed v perpendicular to a
uniform electric field followed a parabolic path, with the following equations applying for
the force, F, and the vertical deflection, s:

F=qE=ma
s=—at*
| |
q \ \ \ \ \ \ \ vy £
v O =doot--t--t--f--1-,
\\ |
S~ 's
\~:
\J

Figure 4B-33 An electron moving perpendicular to a uniform
electric field moves in a circular or parabolic path

It was also shown that a charged particle travelling perpendicular to a uniform magnetic
field follows a circular path, or an arc of a circle, with the following equations applying:

2
F =qu:mV and r="2

r qB
This means we can now analyse how particle accelerators utilise electron guns with electric
fields to accelerate the electrons to a specified speed, and how they utilise crossed electric
and magnetic fields to achieve specific tasks (for example, mass in spectrometers, electron
microscopes and synchrotrons). Crossed electric and magnetic fields refer to fields that are
perpendicular to each other. This arrangement can produce useful results.
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Thompson’s experiment on the charge to mass ratio of the electron
An exploration of ].J. Thomson’s classic 1897 experiment to determine the ratio of the
charge of an electron to its mass is useful.

Thomson used a cathode ray tube to produce an electron beam of a type known as cathode
rays. The beam could be deflected by an electric field and a crossed magnetic field within an
evacuated tube (Figure 4B—34).

Vertical electric field

between metal plates Cathode rays in

an electric field

T Anode Grounding +| S

Cathode rays when
the electric force equals

B R = (e - the magnetic force
74
Scaling
N
Cathode Horizontal Phosphorescent
- magnetic field coating

Figure 4B-34 A schematic representation of J.J. Thomson’s apparatus for finding the charge to mass
ratio (%) for cathode rays (electrons). In 1897, Thomson used cathode rays that could be deflected
both by an electric field and a crossed magnetic field (N and S) within an evacuated tube. The
electrons caused the phosphorescent coating to glow where the beam hit, and deflections could be
read off the scaling marks. First the electric field was turned on to produce a deflection, then the
magnetic field was applied and adjusted until the beam returned to the centre line, and the strength

of the fields was measured.
+

The magnetic field was
applied such that it
was perpendicular to
both the electric field
and cathode rays, each
forming one part of an /

x, y and z axes. This is >

shown in Figure 4B-35. Electric field from
the positive to negative plate

Cathode rays S

Magnetic field from
the north to south pole

Initially, Thomson
applied only the electric
field, which deflected
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