g
-

A
NEW CENTURY |

— \\

\__/

PHYSIC

A Y Y lw W

FOR QUEENSLAND

LTI T R TR B

1&2







NEW CENTURY

v
- =
>
L
e
2

FOR QUEENSLAND
UNITS

182

RICHARD WALDING

OXFORD

UNIVERSITY PRESS
AUSTRALIA & NEW ZEALAND




OXFORD

UNIVERSITY PRESS

Oxford University Press is a department of the University of Oxford.

It furthers the University’s objective of excellence in research, scholarship,
and education by publishing worldwide. Oxford is a registered

trademark of Oxford University Press in the UK and in certain other countries.

Published in Australia by

Oxford University Press

Level 8, 737 Bourke Street, Docklands, Victoria 3008, Australia.
© Richard Walding 2019

The moral rights of the author have been asserted

First published 1999
3rd Edition

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted,
in any form or by any means, without the prior permission in writing of Oxford University Press, or as expressly
permitted by law, by licence, or under terms agreed with the reprographics rights organisation. Enquiries
concerning reproduction outside the scope of the above should be sent to the Rights Department, Oxford
University Press, at the address above.

You must not circulate this work in any other form and you must impose this same condition on any acquirer.

m A catalogue record for this

R ATICRIAT book is available from the
LIBRARY National Library of Australia

OF AUSTRALIA

ISBN 9780190310158

Reproduction and communication for educational purposes

The Australian Copyright Act 1968 (the Act) allows a maximum of one chapter

or 10% of the pages of this work, whichever is the greater, to be reproduced
and/or communicated by any educational institution for its educational purposes
provided that the educational institution (or the body that administers it) has
given a remuneration notice to Copyright Agency Limited (CAL) under the Act.

For details of the CAL licence for educational institutions contact:

Copyright Agency Limited
Level 11, 66 Goulburn Street
Sydney NSW 2000

Telephone: (02) 9394 7600
Facsimile: (02) 9394 7601
Email: info@copyright.com.au

Typeset by Newgen KnowledgeWorks Pvt. Ltd., Chennai, India
Proofread by Nick Tapp and Jane Fitzpatrick

Indexed by Max McMaster

Printed in China by Sheck Wah Tong Printing Press Ltd

Disclaimer
Indigenous Australians and Torres Strait Islanders are advised that this publication may include images or names
of people now deceased.

Links to third party websites are provided by Oxford in good faith and for information only.
Oxford disclaims any responsibility for the materials contained in any third party website referenced in this work.



CONTENTS

Using New Century Physics
for Queensland Units 1 & 2

Acknowledgements

Chapter 0 Toolkit

0.1 What iS PhySICS? ..ceeeeereereeeeeeireereeseeseeeesesesesseeees 4
0.2 Physical quantities

0.3 Scientific notation

0.4 Errors and error analysis

0.5 Reporting the results of experimental
measurements

0.6 Graphical analysis

0.7 Linearising graphs and evaluating
errors

0.8 The scientific method

0.9 The student experiment
0.10 Research investigation
0.11 Preparing for your exams

Chapter 0 Review

Unit 1
Thermal, nuclear
and electrical physics

Chapter 1 Heat and temperature....58

1.1 Heating and cooling

1.2 The kinetic particle theory of matter
1.3 Temperature and kinetic energy

1.4 Kinetic energy and temperature

1.5 Measuring temperature

1.6 Science as a human endeavour:
The development of temperature scales

1.7 Other types of thermometers
1.8 Thermal expansion

Chapter 1 Review

Chapter 2 Specific heat capacity
and calorimetry
2.1 Thermal equilibrium

2.2 Temperature and specific
heat capacity

2.3 Calorimetry
2.4 Changes of state and specific latent heat ...98
Chapter 2 Review

Chapter 3 Energy in systems

3.1 Heat transfers
3.2 Conduction, convection and radiation

3.3 Science as a human endeavour:
Heat and work

3.4 Changes in internal energy
3.5 Heat engines
Chapter 3 Review

Chapter 4 Nuclear model
and stability

4.1 Nuclear model of the atom

4.2 Mass defect and binding energy
4.3 Nuclear stability

4.4 Science as a human endeavour:
Was the strong nuclear force invented
OF AISCOVEIEA? et 150

Chapter 4 Review

Chapter 5 Radioactive decay
and half-life

5.1 The discovery of nuclear radioactivity
5.2 Properties of nuclear radiation

5.3 Radioactive decay and
balancing equations

5.4 Types of decay
5.5 Half-life




5.6 Laws of radioactive decay

5.7 Science as a human endeavour:
Radiometric dating of materials

Chapter 5 Review

Chapter 6 Nuclear energy

6.1 Artificial transmutation
6.2 Nuclear fission
6.3 Nuclear fusion

Chapter 6 Review

Chapter 7 Current, potential
difference and energy flow
7.1 Charge

7.2 Current and voltage

7.3 Voltage and sources of potential
energy

7.4 Power
Chapter 7 Review

Chapter 8 Resistance

8.1 Resistance
8.2 Ohm's law
8.3 Resistors in series and parallel

Chapter 8 Review

Chapter 9 Circuit analysis
and design

9.1 Kirchhoff's circuit laws

9.2 Circuit analysis

9.3 Electrical energy and power
dissipation

9.4 Science as a human endeavour:
Powering the digital age

Chapter 9 Review

Unit 1
Practice exam questions

IV NEW CENTURY PHYSICS FOR QUEENSLAND UNITS 1 & 2

Unit 2
Linear motion and waves

Chapter 10 Linear motion

10.1 Vectors and scalars
10.2 Distance and displacement
10.3 Speed and velocity

10.4 Graph of linear motion -
constant speed

10.5 Graphs of uniformly
accelerated motion

10.6 Equations of motion
10.7 Acceleration due to gravity
Chapter 10 Review

Chapter 11 Forces

11.1 Measuring and drawing forces
11.2 Newton's first law

11.3 Newton's second law

11.4 Newton's third law of motion
11.5 Force, weight and gravity

11.6 Friction

11.7 Terminal velocity and drag forces

Chapter 11 Review

Chapter 12 Momentum

12.1 Momentum and impulse
12.2 Conservation of linear momentum

12.3 Science as a human endeavour:
Car collisions

Chapter 12 Review

Chapter 13 Work and energy
13.1 Forms of energy

13.2 Work done by a force

13.3 Solving problems: E, and E,

13.4 Energy changes and collisions

Chapter 13 Review

OXFORD UNIVERSITY PRESS




Chapter 14 Waves Unit 2
14.1 Mechanical model of waves Practice exam queStionS

14.2 Characteristics of waves

14-3 Waves and boundaries Practicals IIIIIIIIIIIIIIIIIIIIIIIIIIIIII474

14.4 Superposition of waves 1.1 Heating water on a hotplate -

14.5 Refraction and diffraction graphing and analysing data

of waves 2.2 Specific heat of a metal -

14.6 Science as a human endeavour: by calorimetry

Earthquakes and tsunamis 8.1 Finding resistance using current

Chapter 14 Review and voltage across an ohmic resistor

10.1 Acceleration due to gravity on
Earth’s surface

Chapter 15 Sound

15.1 Properties of sound waves 10.2 Constructing and interpreting
15.2 Standing waves in strings and pipes displacement-time and

15.3 Resonance and natural frequency velocity-time graphs

16.1 Refractive index of a
transparent substance

15.4 Science as a human endeavour:
Noise pollution and acoustic design

Chapter 15 Review

Chapter 16 Light
16.1 The wave model of light

16.2 Light: a transverse wave

16.3 Intensity

16.4 Reflection in plane mirrors

16.5 Refraction of light

16.6 Total internal reflection

16.7 Ray diagrams and lenses

16.8 Diffraction and interference of light

16.9 Science as a human endeavour:
Michelson-Morley experiment

Chapter 16 Review

A -~

OXFORD UNIVERSITY PRESS , CONTENTS V




New Century Physics for Queensland Units 1 & 2 has been purpose-written to meet the
requirements of the QCAA Physics General Senior Syllabus. The first of a two-volume series,
New Century Physics for Queensland Units 1 & 2 offers complete support for Unit 1 & 2 teachers
and their students, providing unparalleled depth and comprehensive syllabus coverage.

Key features of the Student book

Physics toolkit N

CHAPTER

Physics toolkit

The Student book begins with

a stand-alone reference chapter

that includes:

 assessment advice

* a step-by-step guide to
preparing for your exam

» methods for presenting and

analysing physics data.

Using New Century Physics
for Queensland Units 1 & 2

Unit openers
Each unit begins with
a unit opener that
includes:

) THERMAL,
. 4.NUCLEAR AND
¢ an overview of F\
topics in the unit \\

ELECTRICAL
| PHYSICS

¢ unit objectives
from the syllabus.

MAKES YOU WONDER

Heat and
temperature

OBJECTIVES e e o e ool M T
Chapter openers
Each chapter begins
with a chapter opener
that includes subject
matter from the
syllabus.

Practicals

Each chapter opener
includes a list of mandatory
and suggested practicals
from the chapter.

NEW CENTURY PHYSICS FOR QUEENSLAND UNITS 1 & 2 OXFORD UNIVERSITY PRESS




b we s
g 3t o s
T — e+

o o
e e of matter approach

S e e Content is presented
in clearly structured
sections. Each
section is clearly
labeled and
numbered to help
navigation.

How do

we ‘feel’ heat?

Case studies
Real-life examples
illustrate theoretical
points being explained
in the text.

Practical links
Mandatory

and suggested
practicals are
linked in the
relevant section of
the Student book.

Study tip
Practical assessment
advice helps students
improve their
performance in
assessment tasks.

Science as a

A

human endeavour B
—rt ettt
Real-world contexts . :

promotes curiosity
and can be used
as a starting

point for research
investigations.

T o e 7
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Full-colour diagrams and photos

Rich visual material illustrates concepts and
engages students.

Terminal velocity and drag forces

XY A

Challenges

Scenarios

and questions
encourage critical
thinking.

obook assess
R —— T T

S b e S futirg Bt sarrhubes e By Dy 30 Brow werr

Every section
includes links
to a range

of digital
resources that
support student

AR ——

Margin glossary
Key terms and
definitions are
highlighted to

e Crtngenll o, """ learning and
help students assessment.
recall important - . - = -
information.

Review
Summary
o e
Chapter reviews

Each chapter review includes:

¢ a summary of key learning in
each chapter

e revision questions written
to target assessment through

multiple-choice and short-answer
questions

¢ key terms introduced throughout
the chapter.
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methodologies and
materials included in
the practical manual,
and suggested practicals
are included via obook
assess. Each practical is
flagged in the relevant
section of the Student
book.
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Practice
examination . .
L. gl Practice ekam questions
Each unit includes a set Z| 1
of practice questions ST one onieh
to prepare students LIt iy it e —
for their end-of-year 8 o A -
external examination. o v
Questions include: e
¢ multiple-choice P b retlogridest
questions to € nivee dietons v et B et o
consolidate learning R e
¢ short-answer
questions with
additional guidance
on how long students
should spend on each
question.
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obook assess

New Century Physics for Queensland Units 1 & 2

is supported by a range of engaging and relevant digital

resources via obook assess.

Students receive:

e a complete digital version of the Student book with
notetaking and bookmarking functionality

¢ video tutorials demonstrating key skills

e write-in worksheets to accompany all mandatory

and suggested practicals
e interactive auto-correcting multiple-choice quizzes
e arange of engaging weblinks to support understanding
e access to work assigned by their teacher: reading, homework, tests, assignments.

In addition to the student resources, teachers also receive:

¢ detailed planning resources

e Student book answers

e printable (and editable) sample assessments, including data tests and exams with answers

e the ability to set up classes, set assignments, monitor progress and graph results, and to view all available

content and resources in one place.
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Physics toolkit prmee

Physics, like the other sciences, is all about explaining the natural
world. Measurement is at its very heart. Ever since humans have been
thinking about their place in the universe, they have been making
measurements. There are many different things that humans measure,

CHAPTER

and therefore there are different types of measurement and different

ways of interpreting the measurements taken. As you study physics you
will learn about how different questions have been solved. Eventually
you will ask your own questions and make your own measurements.
This chapter is called the zeroth chapter to commemorate a
highpoint in the history of physics. The zeroth law of thermodynamics
is called the ‘zeroth’ law because it was developed after the first and
second laws of thermodynamics had already been proposed and named,
but was considered more fundamental and thus was given a lower

S number — zero. Just like this chapter.

R OBJECTIVES

— Use digital and other measuring devices to collect data, ensuring measurements

are recorded using the correct symbol, SI unit, number of significant figures and
associated measurement uncertainty (absolute and percentage); all experimental
measurements should be recorded in this way.

Source: Physics 2019 vl.2 General Senior Syllabus © Queensland Curriculum & Assessment Authority

P w
FIGURE}}\ysi'cists use ca[ipxrs to attain accurate measurements.
. ¢ .
- - ‘
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MAKES YOU WONDER

In this chapter you will learn about the different — What is the shortest length of time that can exist?
ways physics makes measurements and interprets Is there no limit?

these measurements, and answer questions such as: — Time passes, but why can’t it go backwards?

— What would have been the first sort of — Just how heavy is the universe? How did

measurement made by humans? scientists weigh it?

— Why did they call it the Kelvin temperature scale ~ — Is cream more dense than milk? Who came up
when William Thomson invented it? with the concept of density?

.
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FIGURE 1 Physics has a role in monitoring earthquakes and tsunamis.

KEY IDEAS

In this section, you will learn about:
+ what physics is

+ what a physicist does.

What is physics about?

Physics is the study of our amazing and strange universe and how it works.

A study of energy and matter

Physics is fundamentally concerned with energy and matter, and how they interact with each
other. It deals with energy in the form of heat, radiation, electricity, motion, sound, light,
magnetism and gravity — how it is transferred and transformed. Physics deals with matter on
scales ranging from tiny subatomic particles to stars to galaxies to the edge of the universe
and beyond.

An experimental science

Physics is not just about observing the universe. It is an experimental science — it measures
and probes the world to formulate and test hypotheses. The results of these experiments are
used to formulate models, laws and theories (usually expressed mathematically), and this
allows us to predict other phenomena. However, models and laws are not unchanging — the
ideas are quite dynamic. Some models used in physics a decade ago have been modified or
discarded as new information and understandings have become known. Others have been
around for a century or more and have not changed.

A practical science

Physics doesn’t just deal with theoretical ideas. It has a practical role in nearly every sphere of

human activity, including:

* development of sustainable and efficient
forms of energy production

e treatment of cancer through the selection
of appropriate radioisotopes for medical
imaging and treatment

e predicting and responding to
climate change

* provision of a reliable electricity supply and
advances in superconductivity

* biomechanics and the understanding of
athletic performance

* monitoring earthquakes and tsunamis

» reducing noise pollution by acoustic design

* provision of satellites for weather, traffic
and military uses.
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A theoretical science

Physics is also called upon to answer some of the most fundamental questions about human
existence. The top 10 questions people ask repeatedly, and which physics tries to answer, are:
*  What’s out there?

e What’s the universe made of?

e Are we alone?

e How did it all start, and when?

¢  How will it end?

e Why is the universe in three dimensions? Is this by accident?

e Can we travel backwards in time?

e If forces attract and repel, can you have antigravity?

e If matter makes up only a small bit of the universe, what’s the rest?

e What’s the smallest thing you can see — is it a quark?

What do physicists do?

It is surprising what physicists do. A simple answer is ‘they do physics’.

Develop technology

Many physicists are researchers, working to find answers to the types of questions listed
above. Their answers often lead to unexpected technological applications. For example, all the
technology we rely on today, including computers, mobile phones and the internet, is based on
a theoretical understanding of electricity developed over a century ago.

Problem-solve . ST S T
: 6,63-10™ Bac-s
in industry developing new products, they s . . L ¥ din

Whether physicists are researchers or work

all problem-solve. They take a situation and
apply their knowledge and understanding
of physics principles, models and laws to
improve on what has been done before.
Physicists are also the ones who say to
manufacturers who ask for their product to

be made faster, cheaper and safer, “You can 3 b s i b
only choose two of those’. A physicist will L ' 8 " dmlt
often be the one to remind others that you o=l
can’t break the laws of thermodynamics. 1220000 e Rt i,gﬁ‘ 7(3

They can give sound advice.

FIGURE 2 Physicists are constantly trying to more precisely define the most
fundamental measurable quantities in the universe.

Work in diverse industries

Giving sound advice is why physicists are

sought after in a range of diverse industries.

Research and planning, analysis of evidence, interpretation and evaluation, and being able to
communicate their findings are skills that see physicists employed in a range of unexpected
workplaces.

OXFORD UNIVERSITY PRESS CHAPTER 0 PHYSICS TOOLKIT 5



Physicists don’t all work in research laboratories — they work in places such as museums,
the military, teaching in high schools, lecturing at universities, in hospitals, power generation
and distribution companies, the I'T industry, astronomical and meteorological observatories,
in law firms, the finance sector, engineering firms and in businesses. Physicists generally have
outstanding analytical, mathematical and critical thinking abilities — characteristics that are
worthwhile no matter which industry they are employed in.

Face challenges

One of the biggest ongoing challenges for research physicists is to more precisely define the
most fundamental measurable quantities in the universe, ranging from the gravitational
constant to the mass of a neutrino. The effort to find the most fundamental description of the
universe has always been a big part of physics research and will continue to be while physics
exists. Physicists try to understand the relationships between those fundamental quantities
and develop laws about conservation of energy and the speed limit of the universe. These
relationships are expressed using models, graphs, words, equations and diagrams in a way
that helps us make sense of things.

Physics is the study of this truly amazing and strange universe and, more importantly,
how it works.

CHECK YOUR LEARNING 0.1

Describe and explain 5 Judge whether this is true: ‘Physics is said to be an

1 Define ‘physics’in 10 words or less.
2 Recall whether physicists can work in finance and
business sectors. Investigate, evaluate and communicate

experimental science so all physics theories have to
come from experiments..

Apply, analyse and interpret 6 Propose aresponse to this question from a friend:

3 Distinguish between ‘problem-solving’ and ‘developing

4

6 NEW CENTURY PHYSICS FOR QUEENSLAND UNITS 1 & 2

‘How can they say the Big Bang really occurred
when no one was there?’

technology’ as applied to the use of physics.
Interpret the statement that ‘physics is a practical
science’. Does it mean that all research has to have
a practical outcome like saving energy or making
more powerful satellites?

and biology; and how physics relies on
mathematics.

Check your obook assess for these additional resources and more:

» Student book » Video » Weblink » Weblink
questions What does a QCAA Physics General Physicists in action
Check your physicist do? Senior Syllabus
learning 0.1

7 Propose how physics might be used in chemistry

OXFORD UNIVERSITY PRESS
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Physical quantities

KEY IDEAS

In this section, you will learn about:

+ prefixes used in physics

+ the International System of Units, SI (Systeme international d'unités)
+ converting from one unit to another.

There are a number of things in the world we want to measure. As well as length, time and
mass, people are interested in measuring temperature, electric current and weight. These
measurable features are called physical quantities.

Sl units

The International System of Units called SI (from the French name for the system, Systéme
international d’unités) is now commonly used around the world. It is often called the metric
system (from the Greek merron = ‘measure’).

The seven fundamental (base) units of this system are shown in Table 1.

TABLE 1 The seven fundamental units of the Systéme international d'unités

Physical quantity Symbol of quantity Symbol for unit
l m

Length metre

Mass m kilogram kg
Time t second s
Electric current | ampere A
Temperature T kelvin K
Amount of substance n mole mol
Luminous intensity I, candela cd
Prefixes

To obtain multiples of the base units, prefixes are added. Table 2 lists some of the prefixes that
will be used throughout your physics course. You should memorise these from nano to mega.

TABLE 2 Prefixes for units and their symbols

femto f one billion-millionth 0.000 000 000 000 001 1015
pico ) one million-millionth 0.000 000 000 001 1012
nano n one thousand-millionth 0.000 000 001 10-°
micro u one millionth 0.000 001 106
milli m one thousandth 0.001 1073
centi c one hundredth 0.01 102
deci d one tenth 0.1 10
kilo k one thousand 1000 103
mega M one million 1000 000 108
giga G one thousand million 1000 000 000 10°
tera T one million million 1000 000 000 000 1@gre

CHAPTER 0 PHYSICS TOOLKIT 7



Example of using a prefix with a unit: 1 millimetre = 10~ metre = 0.001 metre.

Derived units

New quantities can be made up of the base quantities. These are called derived quantities.

For example, you can have combinations of the base units (such as metres per second and

cubic metres) or you can have derived quantities that have been given specific names (such as

newton, coulomb and watt).

TABLE 3 Derived units

Derived quantity Symbol for unit

Acceleration metre per second squared m s2
Angle radian rad
Area metre squared m?
Capacitance farad F
Density kilogram per metre cubed kg m=
Electric charge coulomb C
Energy joule J
Force newton N
Frequency hertz Hz
Momentum kilogram-metre per second kgmst
Potential difference volt Vv
Power watt W
Pressure pascal Pa
Resistance ohm Q
Velocity metre per second ms?
Volume metre cubed m?3

Converting units

It is important to know how to convert from one SI unit to another (for example, from

millimetres to metres). This is needed when data is given in one particular unit but the

answer has to be given in another form. This might occur when some constant is involved

that is in a unit different from that of the
data given. For example, if you had to
calculate how far you would travel in 10
minutes at a speed of 5 metres per second,
you would convert 10 minutes to seconds
(10 x 60 = 600 seconds) and multiply this
number of seconds by the speed (600 x
5 = 3000 metres).

Some other simple conversion
examples are:

25000 cm =250 m (2.5 x 10’ m)

23 km =23 000 m or 2.3 x 10*m

6 hours = 21 600 s or 2.16 x 10*s

FIGURE 1 Measuring length, time, mass, temperature, electric current and
weight is a fundamental part of physics.
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WORKED EXAMPLE 0.2

Imagine you have made measurements of a block of wood in a density experiment and need
to calculate its volume in cubic metres. Length 35 cm, depth 2.0 cm, width 1.5 cm.

SOLUTION

Step 1: Convert the measurements to Sl units (metres):
Length=35cm=35x1x%x10?m=0.35m (3.5 x 10 m)
Depth=2.0cm=2.0x1x102m=2.0x102?m
Width=15cm=15x1x102m=1.5x102m

Step 2: Calculate the volume:

Volume =0.35m x 2.0 x 102 m x 1.5 x 102 m = 1.05 x 104 m?3.

Use of newtons in physics
Explain in 50 words or less why we use newtons instead of pounds in physics.

CHECK YOUR LEARNING 0.2

Describe and explain 3 Calculate the following conversions:
1 Identify the seven fundamental S| quantities and a 10.3mtocm

their quantity symbols. b 1120cmtom
2 Word list: yard, luminous intensity, ampere, year, c l8mmtom

minute, temperature, force, second, pressure d 4.8cm3tom?d.

Apply your understanding of the quantities in the
word list to select:

a two fundamental quantities

Apply, analyse and interpret
4 Distinguish between the Sl symbols for time and

b two fundamental units temperafnture. ) o
¢ twononsS units. 5 Det:rmhlnle the speed of light (3 x 108 m s) in:
a kmh-

b kilometres per second.

Check your obook assess for these additional resources and more:

» Student book » Challenge » Weblink » Weblink
questions 0.2 Use of newtons in Converting Sl units Sl
Check your Physics
learning 0.2
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scientific
notation

a shorthand way of
expressing very large
or very small numbers
in terms of a decimal
number between 1
and 10 multiplied by a
power of 10

Scientific notation

KEY IDEAS
In this section, you will learn about:
+ scientific notation.

Things are not always human-sized. Some are very small and some are huge. The numbers
used to express these measurements can get messy. For example, the time taken for light to
travel from one side of an atom to the other is about one billion, billion, billion, billionth of a
second. The mass of the Sun is two thousand billion, billion, billion kilograms.

In his book A Brief History of Time, Stephen Hawking mentioned that the publisher told
him not to use any numerals. It was argued that all numbers had to be spelt out because
people couldn’t understand exponents and wouldn’t buy a book with them in it. Because of
this, the speed of light appears in his book as three hundred million metres per second.

The time after the Big Bang that it took for electrons to be created was a thousand billion,
billion, billion, billion, billionths of a second. There is a simpler way of expressing these
values.

A shorthand way of expressing such numbers is called exponential notation. For example:
e 1 million (1 000 000) is written as 10°
e 1 billion (1 000 000 000) is written as 10°
e 1 millionth (1/1 000 000 or 0.000 001) is written as 10-°
e 1 billionth (1/1 000 000 000 or 0.000 000 001) is written as 10~°.

Exponents tell us how many times 10 must be multiplied together and hence give the
number of zeros. The expression 10° means 10 multiplied by itself three times (10 x 10 X
10) — in other words, 1 with three zeros following it (1000).

When writing numbers using exponents, it is common practice to use scientific
notation. This involves the following conventions:

e Write numbers in exponential notation with just one numeral before the decimal point.

For example, the Earth—Moon distance of 382 million metres could be expressed as

382 x 10° m or in scientific notation as 3.82 x 108 m.
¢ Leave numbers between 0.1 and 100 as they are. There is no need to express 60 seconds

as 6.0 x 10's.

WORKED EXAMPLE 0.3

Write the following in scientific notation:
a the speed of light: three hundred million metres per second.
b the diameter of a red blood cell: 2 millionths of a metre (0.000 002 m).

SOLUTION

a Three hundred million is 300 x 108, so the speed of light can be written as 3.00 x 108 m s.
b 0.000 002 mis written as 2 x 10-°m.
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With scientific notation, only one numeral appears
before the decimal place. The exponent has to be adjusted
to allow for this. For example, when the number 300 x 10°
became 3.00 x 108, the decimal point in 300 was shifted
two places to the left (made smaller) to become 3.00. To
compensate, the exponent must be increased by two units
from 10° to 10® (made bigger).

Negative exponents are used to indicate numbers less than
1. For example, an electron has a mass of 0.000 549 units. To
make this 5.49 we have to shift the decimal point four places
to the right (make it bigger by 10 000), so an exponent has to
be included that compensates for this. In scientific notation
the mass of an electron would be 5.49 x 10~ units.

Further examples of scientific notation:
e The radius of Earth is 696 million metres or 6.96 x 10 m.
e The diameter of Saturn is 120 thousand kilometres or 1.20 x 10° km.
e The diameter of an atom is 0.000 000 000 1 mor 1 x 107 m.

Significant figures

Scientists imply the level of uncertainty in measurements by how they report the number.

You will see later that we can state a measurement in three parts: the best estimate, the

uncertainty and the unit. For example, when we say ‘length = 25.0 £ 0.5 mm’, we mean that

the reading could be between 24.5 and 25.5 mm. However, if we just say the measurement

is 25.0 mm and don’t state the (+) uncertainty, we are saying that it is somewhere between

24.9 and 25.1 mm. We have used three figures that are significant (the 2, the 5 and the 0) to

say this. Unlike in mathematics, where 25 and 25.0 are identical, a measurement of 25 cm in

science means something different than a measurement of 25.0 cm. The key principle is that
scientific measurements are reported to one digit more than what is known with certainty.
A reported value of 25 cm implies that the actual value is somewhere between 24 cm and

26 cm, approximately. In contrast, a reported value of 25.0 cm implies that the actual value is

somewhere between 24.9 cm and 25.1 cm, approximately. The measurement 25 cm is said to

have two significant figures, whereas 25.0 has three significant figures.

You must be able to work out how many significant figures are in a result (these are shown
in bold).

Rules:

e All non-zero figures are significant: 3.18 has three significant figures (3 sf).

e All zeros sandwiched between non-zeros are significant: 30.08 has 4 sf.

e Zeros to the right of a non-zero figure but to the left of the decimal point are not
significant (unless specified with a bar): 109 000 has 3 sf (the 109). The rest just indicate
where the decimal place is. If you wanted to show that the second zero from the right is
significant, you could write 109000 (5 sf).

e Zeros to the right of a decimal point but to the left of a non-zero figure are not
significant: 0.050 has 2 sf. Only the last zero is significant. The first zero merely says
where the decimal point is.

e Zeros to the right of the decimal point and following a non-zero figure are
significant: 304.50 has 5 sf.

OXFORD UNIVERSITY PRESS

FIGURE 1 Stephen Hawking was initially asked to avoid
using numerals when writing A Brief History of Time.

Study tip

It is much easier to
write numbers in
scientific notation
if you want to show
significant figures.
Everythingina
number written in
scientific notation
is significant. If it
is not significant,
you just leave that
number out.

significant
figures

the digits of a
number that are
used to express

it to the required
degree of accuracy
(abbreviated: sf)
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Some examples of the application of these rules are given in Table 1.

TABLE 1 Examples of scientific notation

Number of significant figures Scientific notation

0.0035 2 3.5x102
0.003 50 3 3.50 x 1073
0.35 2 3.5x10%

85 2 3.5 (x 109

3.50 3 3.50 (x 109

85 2 3.5x 10!

350 2 3.5x 102
3500.0035 8 3.500 003 5 x 10°

Note: normally, numbers between 0.1 and 100 are not written in exponential form, but some are
shown here for clarity.

Calculating with significant figures

A problem arises when performing calculations using significant figures, so you need to be
careful.

Multiplying and dividing
Imagine you had to calculate the surface area of a road going through prime agricultural
land. The traffic engineers said the road easement would be 95.5 m wide and 26 km long.
When multiplying 95.5 m x 26 000 m, the answer would appear to be 2 483 000 m?. When
multiplying or dividing, the answer should contain only as many significant figures as the
number in the operation that has the least number of significant figures. In this case, 95.5
m has three significant figures and 26 000 m has two. The answer should only have two
significant figures, so it should be written as 2 500 000 m? or 2.5 x 10° m?.
Other examples:
e 4571 (4 sf) x 34.1 (3 sf) = 1558.711. This is rounded to 1560 or 1.56 x 103, which has
three significant figures (3 sf).
e 365 (3sf) = 2.4 (2sf) =152.083 333 3. This is rounded to 150 or 1.5 x 10% (2 sf).

Rounding

You should only round to the correct number of significant figures at the end of your

calculations. Leave in your calculator (or write down) as many decimal places as you like during

your calculations, and then adjust at the very end. When you have an answer in your calculator

that has 11 decimal places, you shouldn’t write them all down — you must round them off.

e Numerals lower than 5: round off to zero.

¢ Numbers larger than 5: round off to 10.

¢ When the number to be rounded is 5: take it up to 10 if the number preceding is even,
otherwise take it down to zero.

For example, when 16.586 is rounded to four significant figures it becomes 16.59. When
24.65 is rounded to three significant figures it becomes 24.7 (as the 6 is even and hence the
5 is rounded up to 10).
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Addition and subtraction
If a 2.55 g bullet strikes a 1575 g target and becomes embedded in it, the mass of the target is

now 1575 g + 2.55 g = 1577.55 g. Or is it? The final mass has more significant figures than

either the target’s mass or the bullet’s mass. Intuitively, this should sound wrong. The final
mass should be written as 1578 g. Calculations are rounded to the least significant decimal
place value in the data. Decimal place is sometimes shortened to dp.

Examples:
* 264.68 (2dp) —2.4711 (4 dp) = 262.2089 = 262.21 (rounded to 2 dp).
e 2.345 (3 dp) + 3.56 (2 dp) = 5.905 = 5.91 (rounded to 2 dp).

CHECK YOUR LEARNING 0.3

Describe and explain

1
2

Explain the purpose of using scientific notation.
Calculate the following:

a (1.2x103) % (2.2 x107)

b (1.8x10%+(6.4%1079)

Identify the number of significant figures in each
of the following, and then write each in scientific
notation using the correct number of significant
figures:

a 100.010

b 1999

c 22222

d 40000

Calculate the following:
(2.34kg+1.118 kg) + (1.05 cm x 22.2 cm % 0.9 cm).

Calculate the volume of an atom of diameter

0.000 000 001 m. (V=5mr?)

A sheet of copper was measured as part
of a density experiment. The dimensions
were: length = 55.5 cm, breadth = 2.0 cm,
thickness = 0.02 cm. Determine:

a thearea of the largest surface

b the volume

c the perimeter of the largest face.

Earth is approximately a sphere of radius 6.37 x 10° m.

Determine its:

a circumference

b volume in cubic metres

¢ volume in cubic kilometres.

Apply, analyse and interpret
5 Determine whichis larger: 1.5 x 10-4 or 0.001 50.

6 Apply rules to express the following in scientific
notation:

a 3558.76
b 40.00

c 79000
d 200326

Check your obook assess for these additional resources and more:

» Student book » Video
questions
Check your

learning 0.3

Scientific notation

OXFORD UNIVERSITY PRESS

Investigate, evaluate and communicate

10 Isaac Asimov proposed a unit of time based on
the highest known speed of light and the smallest
measurable distance. The light-fermi is the time
taken by light to travel a distance of 1 fermi
(=1 femtometre =1 fm = 101> m).
Determine how many light-fermis there are in 1
second. Recall that light travels at 3 x 108 m s,

» Weblink E
Stephen Hawking

» Weblink
Scientific notation

CHAPTER 0 PHYSICS TOOLKIT 13



precision
the uncertainty of the
measurement

accuracy
the difference
between the
measured value and
the true or accepted
value of the observed
quantity

Errors and error analysis

KEY IDEAS
In this section, you will learn about:

+ uncertainty

+ systematic errors

+ random errors

+ scale reading limitations.

A part of any physics experiment is to record and analyse your measurements for quality.

This is called an error analysis. The word ‘error’ is a rather vague term about the ‘goodness’

of your observations, but specifically refers to the precision and accuracy of your results.
Precision and accuracy mean vastly different things, so it is important that they are used

correctly. We can say that for a set of measurements:

¢ Precision is the range of values found; that is, the uncertainty of the measurement.

e Accuracy is the difference between the measured value and the true or accepted value of
the observed quantity.

We will consider these in the order met in an experimental report.

Uncertainty

If you had to count the number of wires in a cable, such as in Figure 1, you would obtain
an exact figure. However, if you had to measure the width of the cable with a ruler, your
measurement would be an approximation (probably to the nearest millimetre). This is where
problems start in experimental physics.
You may have learnt that measurements (data) can be:
e discrete (numeric) — such as numbers of wires, swings of a pendulum or layers of metal foil
e continuous (any value over a continuous range) — such as the diameter of a wire, the mass
of an object or a thermometer reading
e categorical (types) — such as positive/negative, red/green/blue
(quarks), up/down, kinetic/ potential (energy).

Experiments in high school physics are full of measurements that
are continuous. Unlike discrete measurements (whole numbers),
continuous measurements can never be exact because they all have
some amount of uncertainty.

Uncertainty is inevitable, so you should use it to your advantage.
Showing that you understand uncertainty is the key to top marks in

”.., ' I l l l , i experimental reports and data analysis.
, l' ' What causes uncertainty?
0 2 ] Uncertainties are also called errors. In science, you can use the words
interchangeably, which is a problem. People tend to think of errors as
B = mistakes, but they are not — particularly in error analysis. ‘Error’ comes
FIGURE 1 Anold power cable - it is easy to count from the Latin word meaning ‘wandering’. Errors are wanderings in

the number of wires, but it is hard to measure the

diameter.

the data — the data is all over the place. These errors are always due to
either humans or the instrument(s) used in the experiment.
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There are three types of errors that contribute to the uncertainty of our result:
e systematic errors
e random errors

e mistakes.

Mistakes are not really experimental errors — they are just mistakes
that happen during an experiment. A person may record a wrong value,
misread a scale (such as amps instead of milliamps), forget a digit when
reading a scale or recording a measurement, or similar. Blunders happen,
even to experienced scientists, and should not be included in the analysis
of data. If you misread a scale by miscalculating the value of each division
you have made a ‘scale reading error’, but it is really just a mistake.

There are two important types of real errors found in
experimental work:

e systematic errors

e random errors.

Systematic errors

You can end up with systematic errors in a measurement because of problems with the
measuring instrument or the conditions under which it was made. For example, a scale may be
incorrectly calibrated during manufacture or become warped or damaged over time. Measuring
tapes may become stretched with time. A stopwatch can run slow if the timing chip has a fault.

They are called systematic errors because it is the system being used that causes the
problem. Such errors usually occur to the same extent in each one of a series of measurements.
They can be identified, and corrections can then be made. The best definition is:

Systematic errors are errors affected by the accuracy of a measurement process that causes
readings to deviate from the accepted value by a consistent amount each time a measurement
is made.

Let’s look at some of these systematic errors and how to manage them.

Zero error

A zero error occurs when the instrument
has not been correctly set to zero before
commencing the measuring procedure. For

S

instance, an ammeter may show a reading of
0.05 A when no current is flowing (Figure 3).
As you use this ammeter to measure various
currents, each of your measurements will be
in error by 0.05 A.

Another example of a zero error is where
the end of a ruler is not on the zero mark to
start with.

Managing zero errors

In the case of the ammeter in Figure 3, the
needle can be reset to zero by using the
adjusting screw before the measurements

with a screwdriver
are taken.

OXFORD UNIVERSITY PRESS

FIGURE 2 A mistake can be recording a wrong
value or misreading a scale.

systematic errors
those that cause
readings to deviate
from the accepted
value by a consistent
amount and in the
same direction each
time a measurement
is made. They

are affected by

the accuracy of

a measurement
process

FIGURE 3 Zero error of 0.05 A, which can be corrected by adjusting the pointer
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Figure 4 shows eight thermometers placed in a beaker of water

== Calibration error

‘:_Tiﬂ : 40:_:_ A calibration error occurs when there is a difference between the
= E “'— value indicated by an instrument and the actual value. Examples
= = 1 include a stopwatch that consistently runs fast or slow and a
== K} thermometer that is badly calibrated.

lIIIIIJ

for 10 minutes. Have a look at all the different readings. They are not
that well calibrated. It is a calibration error, which is an error you can
allow for.

Managing calibration errors

Check that an instrument is not damaged (warped, bent or stretched)
before using it. If there is a known calibration error, the device can be

labelled with the correction you have to make to the scale reading.

- E=]

FIGURE 4 Elght thermometers placed ina beaker
of water for 10 minutes don't all read the same as Para “.aX error
they are not well calibrated.

A parallax error occurs when you view the scale of a measuring
instrument at an angle rather than from directly in front of it
(perpendicular to it), therefore using the instrument wrongly on a consistent basis. Examples
include reading a clock at an angle so that the hand appears to be over another number,
reading a ruler at an angle (Figure 5), and reading a thermometer at an angle. If this is done
consistently, it introduces a systematic error into the results.

Managing parallax errors

Parallax errors can be avoided by reading the scale with your dominant eye

perpendicular to it.

(b)

muuufummqmmn||mmuqnmmqvm

numm|u|||nu|un|m||uu|mqmumqnnnm

©
& ¢ ¥ % 3 ® w » &

MMMMMMMWMW m_luuluuﬂmhmluuhumn|lmm1duu

FIGURE 5 (g) Parallax error (looking from the left) reads 7.0 cm. (b) No parallax (eyes directly overhead) reads 7.5 cm.

Reaction time

Reaction time is the time taken for a person or a system to respond to a certain event.
Although it is only a brief amount of time, reaction time errors need to be accounted for when
analysing data.

Managing reaction time errors

An electronic light gate can be used to minimise reaction time errors. Another way is to video
an event for later analysis.
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Environmental causes

Table 1 is a list of typical systematic errors caused by the environment and ways to correct them.

TABLE 1 Common systematic errors in physics

A metal rule that has been calibrated for use at 25°C
will only be accurate at that temperature. If it is used at
another temperature, it will produce readings that are

Temperature

consistently larger than they should be.

Air resistance This may slow down the motion of a pendulum or a

dropped ball. It will never speed the object up, so it is

not random, it is a systematic error.

Background
radiation

bricks and is always there.
This will always make the count bigger, soitis a
systematic error.
Background field Earth’s magnetic field will affect magnetism
experiments and should be accounted for.
Itis only a systematic error if it always affects the
results in the same direction (higher or lower).
Dirt or corrosion
be a problem if there is rust, corrosion or dirt.
Unevenness of the
object
different places along its length.

Systematic errors and graphs

Systematic error is the contribution to the uncertainty in a
measurement result that is identifiable and quantifiable. For example,
Zero error, parallax error, calibration error, environmental errors and
so on. Systematic errors can drastically affect the accuracy of a set of
measurements. Unfortunately, systematic errors often remain hidden.

Often a systematic error can be identified when the data is
graphed. If the line of best fit doesn’t go through the origin (0,0)
when it is expected to (based on theory), there could be a systematic
error. For example, the graph of current vs voltage in Figure 6 is
taken from an Ohm’s law experiment.

For an Ohm’s law circuit, it is expected that the current starts to

A Geiger counter will register ‘counts’ even when there
is no radioactive specimen in the room. This background
radiation comes from rays from the Sun or from gas in

Measuring the diameter of a wire or metal electrode can

A piece of wire, fishing line, guitar string or similar will
often be ‘out of round’ or have different diameters at

Fix
Note the experimental temperature

subtract as necessary.

Use an object with a high weight to

surface area ratio (e.g. a golf ball over

a ping pong ball).
In measuring the count rate of a

radiation should be subtracted.

Acknowledge the changes.

wool, sandpaper or ethanol.

Make several measurements at the
one spot (e.g. 90° to each other) and
measure at several places along the

Clean the wire or electrode with steel

and the change in scale reading. Add or

radioactive specimen, the background

wire.
Current vs voltage
180 T T T
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FIGURE 6 Identifying a zero error graphically

rise as the voltage increases from zero. The projection of the line suggests that the current

doesn’t start to rise until the voltage is 0.5 V. If the line were extended to the vertical axis

(y-axis), when I = 0 it would touch the vertical axis at —10 mA. It appears there was a zero

error of —10 mA in the ammeter. This is also shown by the ‘¢’ value in the equation for the

line. For a zero error of +10 mA, the line would intercept the y-axis at +10 mA. Parallax error

would appear the same on these graphs.

OXFORD UNIVERSITY PRESS

CHAPTER 0 PHYSICS TOOLKIT

17



random errors
those due to

the limitations
(uncertainty) of

the measurement
equipment and

the uncontrollable
effects of a method
and environment on a
measurement result

scale reading
limitations

the inability of an
instrument to resolve
small measurement
differences

reliability

the ability to be
trusted to be
accurate or correct,
or to provide a
correct result

reliable
constant and
dependable, or
consistent and
repeatable

Study tip

Remember, the
number must be to
the nearest half-scale
division (0.5 mm)

and the uncertainty
is also a half-scale
division.
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Random errors

Random errors are two-sided errors because they tend to fluctuate above and below the
true value. A common source of these errors is when you try to estimate a quantity that lies
between the graduations (the lines) on an instrument such as a metre ruler, thermometer or
voltmeter. Sometimes the measurement will be over the true value and sometimes it will be
under. Because these errors are random, there will be as many values over as under — they are
said to follow a ‘Gaussian’ (normal) distribution.

One source of random errors is scale reading limitations (see below). The best way to
handle random errors is to make several repeat readings and then average them.

Identifying random errors

One common way to identify random errors is by examining the data plotted on a graph. The
graph in Figure 7 shows data points scattered on both sides of the trend line. This indicates
they were random. If the data points were such that the trendline didn’t go through the origin
(if that is what was expected), it would indicate a systematic error and you would have to look
for the source of the error.

The R? value for this graph is 0.96, which 12
indicates there is a significant amount of

Voltage vs current

random error giving rise to widely scattered
points. The closer the R? value is to 1.00,
the better the line fits the data. With widely
scattered points the line has to cut through
the middle of them, so the trend line doesn’t 2

nts. . o Le
capture all the points. You should aim for 0 0 0 a0 80 o0 20 40 a0

Current (mA)

FIGURE 7 Randomly distributed results point to
random errors

Voltage (V)
o~

~
®

your R? value to be over 0.98 if possible.

Good-quality and well-maintained
equipment usually has good reliability and
produces data that is reliable.

Random errors are uncontrollable effects of the measurement equipment, procedure and
environment on a measurement result. The magnitude of random error for a measurement
result can be estimated by finding the spread of values around the average of independent,
repeated measurements of the quantity.

Scale reading limitations

In physics, we usually deal with two types

of scales:

e printed (e.g. a ruler, alcohol-in-glass
thermometer, analogue voltmeter/ammeter)

e digital (e.g. electronic stopwatch, digital
voltmeter/ammeter).

Uncertainty with printed scales

The biggest contribution to random errors
comes from the limitations of the scale. Students

FIGURE 8 To students, the reading here would
generally be stated as 76 or 77 mm, but it actually
looks closer to 76.5 mm. The best estimate is

76.5 mm with an uncertainty of £0.5 mm.

generally read scales to the nearest mark or
division. However, we can do better than that.

You should record the best estimate and indicate the uncertainty with a plus/minus value
to show the range. For a single measurement, the uncertainty is a half-scale division.
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How to record results best estimate
a value closest

You should record the result of a measurement in three parts: to the true value,

1 best estimate — read scales to the nearest half-scale division (such as 26.0 or 26.5) ;‘;Eianl;yrfe(;gigg

2 uncertainty — use * a half-scale division (such as 0.5 for a 1°C division) measurements and
3 unit — (such as °C). averaging

For example, a temperature result could look like this:
26.5 £ 0.5°C.

Uncertainty with digital scales

How do we determine the uncertainty of digital displays? The
Vernier calliper shown in Figure 9 displays a reading of 0.59 mm
for the diameter of the nichrome wire. We say the uncertainty is
+0.01 mm. The actual value could be anywhere in the range of
0.58 mm to 0.60 mm.

Summary of the limitations of measuring instruments

e Uncertainty in a scale measuring device is equal to a half-scale FIGURE 9 This digital Vernier calliper being used to
division. measure the diameter of nichrome wire can read
. . .. . L. to one-hundredth of a millimetre. However, closing
e Uncertainty in a digital measuring device is equal to the smallest the jaws with too much force can result in quite
increment. significant errors.
CHECK YOUR LEARNING 0.4
Describe and explain 5 Deduce which of the

following voltage
measurements is
the most precise:
V,=0.55+0.01Vor
V,=6.4£0.1V.

1 Explain the meaning of the following: systematic
error, random error, scale reading uncertainty, zero
error, calibration error, parallax error, mistake.

2 Some voltmeters in a class had zero error problems. It
seemed to be random as to which ones had this error
and which didn’t. Explain why zero erroris considered  |Investigate, evaluate

a systematic error rather than a random error. and communicate
Apply, analyse and interpret 6 Assessthe FIGURE 10 Three digital meters
3 Differentiate between the scale reading uncertainty statement ‘You reading the voltage across the
for an analogue (printed) scale and a digital scale. can't have a parallax ~ °™¢ fesistor
4 The meters in Figure 10 are all reading the voltage error with a digital
across the same resistor. stopwatch.
a Determine the best estimate and the 7 A voltmeter kept giving readings 0.5 V higher than
uncertainty for each meter reading. expected. Evaluate this situation and state what
b Classify the sort of error that the meters are sort of error this would be and how it could be fixed.
displaying.

Check your obook assess for these additional resources and more:

» Student book » Video » Increase your » Increase your
questions Error analysis knowledge knowledge
Check your Who is the best timer? Error and uncertainty
learning 0.4
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Reporting the results

of experimental measurements

KEY IDEAS
In this section, you will learn about:

+ single and repeated measurements of the same quantity
+ absolute and percentage uncertainty as a measure of precision
+ absolute and percentage error as a measure of accuracy.

Uncertainty in experimental measurements

There are two types of experimental measurements:
1 single measurements
2 repeated measurements of the same quantity.

When an experimental measurement is reported, it should be stated as the best estimate of
the measurement followed by the uncertainty in the measurement(s).

Single measurement

A single measurement is a one-off measurement. A common example comes from an Ohm’s
law experiment that involves setting up a circuit containing a voltmeter and ammeter and
taking pairs of readings (voltage and corresponding current) as the voltage is increased.
Because it is a series of single readings, no average can be made. This would be reported

as the best estimate of voltage * scale reading uncertainty. For example, a non-digital scale
reading single measurement from a voltmeter might be reported as 0.75 = 0.05 V.

An old rule says: “You should never rely on a single reading or result for any quantity’. In
the example of the Ohm’s law experiment, once the maximum voltage has been reached the
measurements would need to be repeated. It is possible that the wire had heated up at high
voltages and the subsequent measurements will not be the same.

There may be an occasion when only one measurement is possible. A 100 m race at school
is timed with a stopwatch and the reading is 12.79 s. How should a physicist report this? The
stopwatch is digital with the smallest increment of .01, so this
would be reported as 12.79 + 0.01 s. However, the random effects
of reaction time are not included in this result. For stopwatch
times, the greatest uncertainty is not in the device itself (£0.01 s)
but in human error. Typical reaction time for high school students
is about 0.20 s, so you would report the result as 12.79 = 0.20 s.

If the diameter of a piece of wire was measured using a
Vernier calliper just once at 0.62 mm, this would be reported as
0.62 +0.01 mm (0.01 being the smallest increment of the device).

Repeated single readings

Making repeated single measurements and averaging them
is more typical of physics experiments at school and is an

FIGURE 1 For stopwatch times, the greatest uncertainty is . ) ) ]
not in the device itself but in human error. effective way of reducing the uncertainty in a measurement.
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In reporting the measurements, three things need to be stated:

1 Best estimate from the set of measurements. This is usually the mean (average), x, of the
measurements. The median (middle value) could also be reported, but this is less common.

2 Absolute uncertainty of the measurements about the mean (best estimate). This uncertainty
is usually reported by half the range of the measurements (calculated by subtracting the
highest from the lowest value and dividing by two). It can be thought of as the deviation of
values around the mean and so has the symbol § (the lowercase delta or Greek ‘d”).

. _ (xmax B xmin)
Absolute uncertainty of the mean: § = + s
3 Units.

For example, the diameter of a piece of wire is measured four times using a Vernier
calliper and the readings are 0.62, 0.63, 0.63 and 0.64 mm. The best estimate is the average
(mean) of 0.63 mm and the range is 0.64 — 0.62 = 0.02 mm. Half the range of 0.02 mm is
0.01 mm, so you would report the results as 0.63 £ 0.01 mm.

Sometimes it is enough to know the range between the highest and the lowest values.
However, for a small set of values (typical in senior physics) this may not give useful
information about the spread of the readings between the highest and the lowest values.

A large spread could arise because a single reading is very different from the others. As an
alternative to absolute uncertainty of the mean, the standard deviation (SD, or sigma, o)
could also be reported. For example, the SD of the four results (0.62, 0.63, 0.63, 0.64 mm) is
0.008 mm. Therefore, the results could also be reported as 0.63 + 0.008 mm (but this reduces
to 0.63 = 0.01 mm when expressed to two decimal places). Either method is okay.

WORKED EXAMPLE 0.5A

A 40.0 cm long pendulum is set oscillating and timed for 10 oscillations (in seconds) for
a total of eight trials. The times were: 17.60, 17.59, 17.66, 17.63, 17.68, 17.63, 17.56, 17.53.
Calculate the absolute uncertainty of the mean.

SOLUTION
X.
Average (mean) X = T’
_140.88
8
=17.61s
Absolute uncertainty of the mean: You would report this as:
. (X e = X Time (for 10 oscillations) = 17.61 £ 0.07 s
- 2 Time (for 1 oscillation) =1.761 £ 0.007 s
-417.68-17.53 . .
=as 2 (Note that the uncertainty is also divided by 10.)
_.,0.15
Sar >
=+0.075s(0.07 s)

From Worked example 0.5A, you can see why it is good to measure the total time of such
sequential events as the uncertainty is divided by the number of events. If you measured just
one oscillation, you would have to record your reaction time (0.10 s) as the uncertainty, and
thus report the result as 1.76 £ 0.10 s.

When using standard deviation, the SD (o) is 0.050 s for the average of 10 swings for
the eight trials, or 0.005 s for the one swing. This would be reported as 1.76 + 0.005 s (or
1.76 £ 0.01 s to two decimal places).

standard
deviation
ameasure of the
amount of variation of
a set of data values.
A low standard
deviation means the
data points tend

to be close to the
mean of the set,
while a high standard
deviation indicates
that the data points
are spread out over a
wider range of values
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percentage
uncertainty

an indicator of
uncertainty in

which the range

of values for a
measurement result
(the uncertainty)

is expressed as

a percentage

of the average
measurement or best
estimate
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Propagation of uncertainties

When data is collected, something needs to be done with it. For example, if you gather mass,
time or voltage data, this will be used in a formula to calculate other quantities (such as speed,
acceleration, density or resistance). You may want to compare the data with accepted values of
acceleration due to gravity, density and specific heat.

If you add, subtract, multiply or divide the data, you will need to do something with the
uncertainty associated with each measurement. Firstly, you may need to get the data into the
right form. This may involve converting absolute uncertainty to percentage uncertainty.

Absolute and percentage uncertainties

The uncertainties we have been talking about are called ‘absolute’ uncertainties. We can
express this as a percentage uncertainty (6%) by dividing by the observed value and
multiplying the result by 100 to give a percentage.

Percentage uncertainty:

5% = absolute uncertainty (6x)
(0]

0,
~ observed measurement (x ) x 100%

_ 0x

WORKED EXAMPLE 0.5B

Calculate the percentage uncertainty for the following:

a Adigital multimeter reads 0.818 V and has an absolute uncertainty of £0.001 V. This is
written as 0.818 £ 0.001 V.

b A voltmeter reading of 0.75+0.05 V.
SOLUTION

absolute uncertainty (8)

0,
observed measurement (X) At

=‘§<—’;x 100%

_0.001
~0.818

=0.12%
This would be written as 0.818 V £ 0.12%.

absolute uncertainty (§X)
observed measurement (X)

=§<—’;x 100%

_0.05
~0.75

=6.7%
This would be written as 0.75 V £ 6.7%.

x100%

b %= x 100%

% 100%

Caution with temperature percentage errors

When calculating percentage errors for temperature, you need to convert Celsius
temperatures (°C) to kelvin temperatures (K) by adding 273 before performing any
uncertainty calculation. The formula to convert Celsius to kelvin is: K = °C + 273
What would be the percentage uncertainty in the temperature of an ice cube at
0.0°C? If the absolute uncertainty was £0.5°C, the percentage uncertainty would be
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0.1, 100 % = infinity. This is clearly wrong and doesn’t make sense. For this reason, we

convert Celsius to kelvin.
However, in temperature measurements scientists are usually interested in a change in
temperature (AT =T,  — T, ), so sometimes we can work with Celsius temperatures.

final i

TABLE 1 Estimating uncertainty with temperature

Measurement Celsius Kelvin |

Best estimate and absolute 23.0+0.1°C 300.0+0.1K

uncertainty

Temperature 23.0°C 300.0K

Absolute uncertainty +0.1°C +0.1K

Percentage uncertainty 0.1 VA = (/T 0.1 0 = .
22_0><100A> = 0.4% 300_0><100A: =0.03%
Wrong Correct

Uncertainty calculations

To add, subtract, multiply or divide measurements, the absolute and percentage uncertainties
may be required.

When performing uncertainty calculations, the following rules apply:
¢ For addition and subtraction, add absolute uncertainties.

e For multiplication and division, add percentage uncertainties.

WORKED EXAMPLE 0.5C

The winning time for the 100 m sprint in the 2016 Rio Olympic Games was 9.81 s. Assuming
the time was 9.81 £ 0.01 s and the distance was 100.0 £ 0.1 m, calculate the average speed.

SOLUTION

Speed =dist’l_c+réce, so we need to work with percentage uncertainties.

Distance=100.0+0.1 m
=100.0 % (1345%100)%
=100.0+0.1% (converted to % uncertainty)

Time=9.81+0.1s

=981+ (g x100)%
=9.81+£0.10% (converted to % uncertainty)

Average speed =%i (0.1 +1.10) % (add percentage uncertainties)

=10.194ms1+0.20% (result)

- 0.20
=10.194 100

=10.194+0.020m s
=10.2+0.02 m s (correct significant figures)

% 10.194 (convert back to absolute uncertainty)

WORKED EXAMPLE 0.5D

A golf ball has a mass as measured on a digital scale of 46.93 £ 0.01 g. The golf ballis raised
to a vertical height of 755.0 mm as measured on a metre ruler that is calibrated in 1 mm
divisions, so a reading has an uncertainty of £0.5 mm. Calculate the gravitational potential
energy (E;) of the ball (use g=9.807 m s2).
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Study tip

Some more

worked examples
demonstrating
uncertainty
calculations can be
found on your obook
assess.

SOLUTION
Mass of ball (m)=46.93+0.01 g

=46.93 g+ (L5 % 100)%

=46.93g+0.021 % (0.04693 kg £ 0.021 %)
Height of ball (h) =755.0 £ 0.5 mm

= 755.0 mm + (%x 100)%

=755.0 mm £ 0.066 % (0.7550 m = 0.066 %)
E,=mgh
=0.04693 x9.807 x 0.7550 + (0.021 % + 0.066%)
=0.34748309505 J £ 0.087%
=0.3475 J +0.087 % (to 4 significant figures)

E, absolute uncertainty = Oi%%7 % 0.3475

=0.0003J

E,=0.3475+£0.0003 J

Accuracy of experimental measurements

Accuracy and precision are terms often used when evaluating experimental results. It is
important they are used correctly. We have seen that uncertainty is used to express the
precision of a set of measurements. However, students often find their results are different
from the accepted result, even though they performed the experiment as carefully as possible
and read the instruments as best they could. This measurement discrepancy is also known by
the term ‘error’ and is a measurement of the accuracy of a result.

Accuracy is how close the experimental result (measurement) is to the accepted result.
Absolute error is the difference between the accepted result and the observed result.

Absolute error = observe result — accepted result

Ea = |xo - xA|

The straight lines (]) in the equation indicate the ‘absolute value’, which means the sign
(+/-) of the answer is ignored. The lines are called modulus signs.

Percentage error is the absolute error expressed as a percentage of the accepted value.

measured value — true value % 100%
true value

Percentage error (E%) =

E
E%:Kax 100%

WORKED EXAMPLE 0.5E

A student measured the acceleration due to gravity as 9.73 m s2 whereas the accepted
value at their location is 9.813 m s2. Calculate the:

a absolute error
b percentage error.

SOLUTION
a E=Ix,—x,|
=19.73-9.813|

=0.08 m s2 (to the correct number of significant figures)
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E
b E%=—4 x100%

_ 008
=9.813 < 100%

=0.8%

CHECK YOUR LEARNING 0.5

Describe and explain

1 Summarise the meaning of the following: absolute
uncertainty, percentage uncertainty, precision,
accuracy, absolute error, percentage error.

2 A student carries out an investigation to measure
the time taken for 10 complete swings of a
pendulum. The following values are obtained: 3.1 s,
3.8,3.35,4.1 sand 3.4s. Calculate the absolute
and percentage uncertainty.

3 Astudent obtained a value of 9.74 m s2 for the
acceleration due to gravity. Calculate:

a theabsolute error
b the percentage error.

Apply, analyse and interpret

4 The period for a simple pendulum of length 80 cm
was measured in triplicate and found to be 1.79 s,
1.85s and 1.72 s. Determine the:
a mean value for the period
b absolute uncertainty
c percentage uncertainty.

5 Adigital ammeter shows the current in a circuit
to be 0.10 A. Determine whether the percentage

6 A carbon resistor of nominal resistance 330 ohms is
manufactured to a tolerance of 5%. This is, in effect,
the maximum percentage error. Determine what the
range of resistance this resistor could have.

Investigate, evaluate and communicate

7 Use your ruler to measure your student book. Use
your measurement to determine the following
(include the uncertainty of each result):

a the surface area of the front cover
b the total external surface area

¢ thevolume

d the thickness of one page.

8 Students were measuring the acceleration due to
gravity by dropping a ball from a measured height
and timing how long it took to fall. Their results are
shown in Table 2.

TABLE 2

| Group | Height h (m) | Trial 1 (s) | Trial 2 (s) | Trial 3 (s)
A 0.50 0.37 044 050

B 2.00 0.75 0.87 0.94

To calculate the acceleration, the students used
the following formula:

uncertainty in the value of P will be: g=2Xxs
a 1% ot
’ where s = drop height, and t = average time. The
b 2% . 3
accepted value is 9.81 m s2.
c 5% .
, For each group, determine the percentage
d 20%. uncertainty of the mean and their percentage error.
Check your obook assess for these additional resources and more: E
» Student book » Video » Video worksheet » Increase your
questions Recording and Recording and knowledge
Check your analysing data analysing data Worked examples
learning 0.5 demonstrating
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Graphical analysis

KEY IDEAS
In this section, you will learn about:

+ graphical representations of data
+ processing of data
+ trends, patterns and relationships.

Graphs are a useful way of showing how one quantity depends on another. On a graph, the
horizontal axis is where the independent variable (or the cause) is plotted. This also includes
variables that progress regardless of the experiment. An example is time elapsed, for time
continues on regardless of whether any experiment is being carried out. The effect of that
cause is plotted on the vertical axis — this is called the dependent variable.

Data is obtained by measurement of a physical attribute or attributes (such as length, time
or colour). Data may be quantitative
(numerical information, such as length
and time) or qualitative (information
that is non-numerical, such as colour).

Primary data is data collected
directly by a person or group.
Secondary data is data collected by a
person or group other than the person
or group using the data.

Extending and reading a graph
beyond the last plotted point is called
extrapolation. Inferring a reading

between plotted points is called
interpolation.

FIGURE 1 Primary data is collected directly by a person or
group.

Linear relationships
Linear and directly proportional

A linear relationship is a straight line when graphed. A directly proportional relationship is
also linear, but it is a special case that goes through the origin (0,0).
Consider an experiment to determine how much a certain rubber band stretches when
masses are hung vertically from it. Table 1 shows the data recorded from the experiment.
The relationship becomes obvious when the points are plotted (Figure 2). Note that each
point is plotted as a dot that is big enough to still be seen once a line of best fit is drawn. The

TABLE 1 Directly proportional data

Independent variable: mass (g) 0 20 40 60 80
Dependent variable: stretch (mm) 0 10 21 28 42
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Stretch vs mass added line of best fit has as many points on the line

45 . .
° as possible. There are usually some points
40 , : .
2 that don’t sit exactly on the line, so the line
— a2 Line of best fit should be drawn with the same number of
E . ? points below it as above it.
S % Scientists and engineers use a complex
(]
F 15 mathematical procedure (the method of least
10 squares) to determine where the line of best
5 fit should be. Any point that is a long way out
0 of place is called an outlier or an anomaly
0 20 40 60 80 100 o T
Mass added (g) and is said to be false. An outlier is a value
FIGURE 2 Graph of directly proportional data that ‘lies outside’ (is much smaller or larger

than) most of the other values in a set of

data. It is a legitimate data point originated
from a real observation. An anomaly is something that deviates from what is standard, normal
or expected. It is illegitimate and produced by an artificial process (such as mistakes, wrong
equipment or a fake result).

Any individual outlier or anomaly should be noted and the reasons for its existence can be
discussed — but it should be left off the line of best fit. Most people consider anomalies and
outliers to be the same thing, but it is important to be aware of the differences between them.

If the line of best fit is straight and goes through the origin (as in Figure 2), it takes the
general form of y &« x. The proportional sign (x) can be replaced by an equals sign and a
constant ().

Equation of a straight line:

Yy =mx
or
y=mx+c

where x and y are the variables, m is the gradient or slope of the line and ¢ is the
y-intercept or point where the line cuts the y-axis.

In the graph of mass versus stretch (Figure 2), the intercept ¢ is zero. The slope is found
by dividing the change in y value by the change in the x value for the same section of the line.
This can be written as:

_changeiny Ay Y,-Y,
Slope (m) = changeinx ~ Ax X, X,

Students often find it easier to remember this as ‘rise over run’, where ‘rise’ refers to the

y-axis and ‘run’ refers to the x-axis.
The slope of the graph in Figure 2 is given by: m = gg — 8 = 0.5 and the intercept c is zero.

Thus, for every 1 g change in mass (x-axis), the rubber band changes by 0.5 mm in length
(y-axis). Be careful with significant figures!

Note that you can’t just take the first and last values away from each other to get the rise or
the run as the last plotted point is not on the line. You need to use the x and y coordinates of
the line and not just the points.

outlier

a value that is much
smaller or larger than
most of the other
values in a set of data

anomaly

a false data point
often the result of a
faulty observation or
wrong equipment

gradient
the slope of a graph
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Linear but not directly proportional

The graph of the rubber band stretching (Figure 2) is both linear and directly proportional.
The graph in Worked example 0.6 is linear but not directly proportional as it doesn’t go
through (0, 0).

WORKED EXAMPLE 0.6

The position of a car on a road was noted every 5 seconds and the data in Table 2 was
obtained:
TABLE 2 Linear data that is not directly proportional

16 23 34 41 50

Plot the data.

Calculate the average velocity (slope).

State the intercept.

State the equation for the line.

Predict the position at 25.0 s.

State the position at 12.5 s.

Explain whether the graph is directly proportional.

SOLUTION

Time is the independent variable and is 60
plotted on the horizontal axis (x-axis).
Distance is the dependent variable and Line of best fit
is plotted on the vertical axis (y-axis). /
A line of best fit can be drawn. N

_50.0-16.0 _ -
Slope = 500-00 - 1.7 ms™

c Intercept=16.0m

d The equation for a straight line is
y =mx+ c. This can be expressed using 0 5 10 15 20 25
the values calculated from the data, Time (s)
hence s=1.7t+16. FIGURE 3 Graph of data shows a linear but not

e The graph must be extended to directly proportional relationship
determine the position at 25.0 s. This
is called extrapolation. The value at 25.0 s is approximately 58 m. Alternatively, the
value t = 25 s could be substituted into the equation s = 1.7t + 16 to give the answer of
58.5m.

f A value between two measured points is determined by interpolation. At 12.5 s the
value is 37 m.

om = ® QA 60 O o

Distance vs time elapsed

[+}]

al
o

~
o

Distance (m)
w
o

N

o

g The graphis not directly proportional as it doesn’'t go through (0, 0). However, it is linear
asitis a straight line.

Non-linear relationships

A non-linear relationship is not a straight line when graphed. The most common non-linear
relationships you will meet in physics are power, exponential and logarithmic relationships, as
outlined in Table 3.
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TABLE 3 Examples of common non-linear relationships

parabolic (a=2): y o x?

inverse (@=-1): y o x* or yoc%

inverse-square (@=-2): y « X2 0r y «

1
X2
1

square root (a = 5): Y« x% or y VX

Power y o X2
Exponential y o ekt
Logarithmic y « 10X

Power relationships
Parabolic relationship

Parabolic relationship: y « x2, where the
power a is 2.

The most common relationship you will
encounter is the parabolic relationship. An
example is the relationship between the
distance a rock has fallen from the top of a
cliff and the time elapsed. The data in Table 4
shows these variables and Figure 4 shows a
graph of the distance against the time.

Other phenomena that exhibit parabolic
relationships are the paths of comets (except
Halley’s comet, which is elliptical), curved
mirrors in telescopes and projectiles (arrows
in flight).

Inverse relationship

Inverse relationship: y « x™! or y « %,
where the power a is —1.

Consider a case in which the volume of gas
in a syringe is measured as the pressure on
the syringe is increased by adding weights
to the platform. The graph in Figure 5
shows an inverse relationship (also called an
inversely proportional relationship).

Inverse-square relationship

Inverse-square relationship: y « #,
where the power a is —2.

An inverse-square relationship looks similar
to an inverse relationship but has a much
sharper bend. This type of relationship is
very common in physics. For example, the
variation in gravitational force with distance
is given by F %, as shown in Figure 6.
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natural exponential: y « ekt

Distance vs time elapsed
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Time (s)

FIGURE 4 Parabolic graph (a parabola)

TABLE 4 Parabolic data

Distance (m) 0 4 16 36 64 100

Volume vs pressure
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FIGURE 5 Inverse graph
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FIGURE 6 Inverse-square graph
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Study tip

A summary of some
common graph
shapes can be found
on your obook assess.

Square root relationship

Squflre root relationship: y « x3, where
‘= 5. . 2
Also written as y « VX or y o« Vx.

An example of a square root relationship
involves letting a ball roll down a ramp. The
speed at the bottom of the ramp varies with
the square root of the height of the ramp
(v x Vh), as shown in Figure 7.

Exponential relationships

Exponential relationship: y = a*

The natural exponential function is y « e
ory=y,ek.

Physics has some quantities that are related
exponentially. For example, in a radioactive
substance, the number of radioactive atoms
remaining follows natural exponential
decay (as long as the remaining number of
atoms is large). The breakdown (decay) of a
radioactive substance is given by

activity « e %, where the a value is e, the
‘natural’ base (2.718). The symbol & is a
constant (-k for decay, +k for growth), and
t = time elapsed. This is shown in Figure 8.

Logarithmic relationships
Logarithmic relationship: y = log x

In a quiet room, people can hear a pin drop
onto a bench. The amount of energy released
is very small, and human hearing is very
sensitive when things are quiet. The human
ear also has to be able to hear things such

as an explosion, which could be a trillion
(10') times louder. The sensitivity of human
hearing is good for low power sounds but
reduced at high power. This is an example of

a logarithmic relationship: D = 1010g10(11),
as shown in Figure 9. ’
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FIGURE 7 Square root graph
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FIGURE 8 Natural exponential decay

Decibels vs intensity
102.0

100.0

98.0 /

Decibel level (dB)

~O ~O
S
o o
~
\

0 2 4 6 8 10 12
Sound intensity (mW)

FIGURE 9 Logarithmic graph
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CHECK YOUR LEARNING 0.6

Describe and explain

1 Explainif it is usual to plot the independent variable

on the vertical or the horizontal axis.
2 Define the following: dependent variable,

Apply, analyse and interpret

4 For the graphs shown in Figure 10, determine the
graph that best represents the following
relationships:

independent variable, analyse, anomaly, outlier, a yis proportional to x
relationship, reliable, reliability, trend, line of best fit. b yisinversely proportional to x
3 Sketch a graph of each of the sets of data given ¢ yisindependent of x
below. In each case, draw the lines of best fit. d yis proportional to x2.
(Note: the independent variable is listed first.) 5 a If W=kV determine the effect on W of:
a TABLES i tripling vV
00 40 80 120 B Il
circle (cm) b Explain what a graph of W as a function of V
Circumference 0.0 125 254 373 looks like.
of circle (cm)
b TABLEG6
Time 00 10 20 30 4.0
(years)
Height of 0.0 032 066 1.00 1.30
tree (m)
y (a) y (b) y (c) y (d) y (e) y (f)
X X X X X

FIGURE 10 Graphs with different relationships

Check your obook assess for these additional resources and more:

» Student book » Video
questions Plotting a graph
Check your
learning 0.6
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» Video worksheet
Plotting a graph

» Increase your
knowledge

Common graph shapes
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linearising
transforming
non-linear data

by applying a
mathematical
function to one of the
variables so that the
relationship between
the variables
becomes closer to a
straight line
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Linearising graphs and

evaluating errors

KEY IDEAS

In this section, you will learn about:
+ linearising graphs

+ looking for systematic errors.

Even though a graph may look like it has a particular shape, its relationship cannot be known

for sure. For example, y % and y « # are very similar and are hard to tell apart. The

1

relationship could also be in-between them, such as y « —=. The only way to tell is to plot

them in the form of y = mux. If that graph is linear, then you have confirmed the suspected
relationship. This is called linearising a graph.

The relationship y

If you already have a straight-line relationship such as y « x, then a graph of y versus x is a
straight line. However, if you have y « %, then a graph of y versus x is non-linear. Let’s look at
this using the data in Table 1 and plotting y versus x. The graph of I versus P is non-linear
(Figure 1) and instead looks like a y % graph.

TABLE 1 Original data set showing a suspected inverse relationship

Pressure P (kPa) X 1 2 3 4 5
y 30 L5 L0 08 06

yVs X

Volume (mL)

0.5 ——

0 1 2 3 4 5 6
Pressure (kPa)

FIGURE 1 A Pversus V graph of the data is not linear - it appears inverse.

You can try to linearise the graph by calculating % (Table 2) and plotting y versus %

(Figure 2). If it is a straight line, then you have confirmed the relationship
y % (which is V & L in this case).

P
If the y « % graph is still curved, then it may be a y « é relationship.
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TABLE 2 Original data and an inverse transformation of P

x 1 2 3 4 5
b (kPa1) 1 1.00 0.50 0.33 0.25 0.20
Pressure X

y 30 L5 L0 08 06

yvs 1
X
35
3.0
2.5
4
2.0 /|

Volume (mL)

0.5

0.00 0.25 0.50 0.75 1.00 1.25
—_— -1
Pressure (kPa~)

FIGURE 2 A Vversus % graph of the data gives a straight line, soitis a yo:% relationship.

The relationship y -

Consider the force between two magnets at various distances (Table 3).

TABLE 3 Original data and the inverse-square transformation of d

Distance d (mm) X 0.5 1.0 2.0 3.0 4.0 5.0
y 12.0 3.0 0.8 0.3 0.2 0.1
% 4.00 1.00 0.25 0.11 0.06 0.04

A graph of y versus x is non-linear and looks more like a y # graph (Figure 3).
A graph of y versus # is a straight line (Figure 4), so this confirms itis a y o #

relationship.
Vs l
yvs X yvs s
14.0 14.0
12.0 T 12.0
10.0 \ 10.0 7
Z 50 Z 50 /
\
g 60 \ S 60
4.0 \ 40 e
2.0 \\ 2.0 a
0.0 e 0.0 /
0 1 2 3 4 5 0.00 1.00 2.00 3.00 4.00 5.00
Distance (mm) 1
FIGURE 3 A yversus x graph of the data does not Distance squared (mm’]
give a straight line. FIGURE 4 The straight line indicates itis a y « %
relationship.
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The relationship y « x2

Consider the data of a car accelerating from the traffic lights (Table 4).

TABLE 4 Original data - suspected square relationship

x 0 1 2 3 g 5
Speed (m s7) y 0 2 8 18 32 50

The graph of y versus x is shown in Figure 5. It looks very much like a y  x2
relationship. To confirm this, we would linearise the graph by calculating x? and plotting
y versus x2.

yVs X
60

50

40 /

30 /‘

20 /(

10 ~
/4/

0 1 2 3 4 5

Time (s)

Speed (m s™)

FIGURE 5 This non-linear graph is a suspected square relationship.

Using graphs to evaluate errors

Earlier we defined systematic error as the contribution to the uncertainty in a measurement
result that is identifiable and quantifiable. Examples of systematic errors include zero error,
parallax error and calibration error. You may be asked to identify systematic errors in first- or
second-hand data. You can do this in two main ways with linearised data:

1 when the line of best fit doesn’t go through the origin (Figure 6(a))

2 when the line is not straight (Figure 6(b)).

(b) Time squared vs distance fallen
1.60

(@) Time vs Vdistance N
1.40 1.40 2

1.20 ® 1.20 /
1.00 / 1.00 at
A e
0.60 / / 0.60 e

0.40 / / 0.40
y

o
©
o
N
Time? (s?)
o
(o]
o
N

Time (s)

0.20 0.20 -
v
0.00 0.00
0.00 0.20 0.40 0.60 0.80 0 0.1 0.2 0.3 0.4 0.5
Square root of distance (Vm) Distance (m)

FIGURE 6 (a) For a y x VX relationship, plotting y vs V'x gives a straight line (red). However, when there are
systematic errors in y, the graph doesn’t go through the origin (blue). (b) For the same relationship, plotting y? vs x
still gives a straight line (red), but when there are systematic errors in y, the graph looks curved (blue).
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‘Goodness of fit’

When you linearise data, it is usual to calculate the ‘goodness of fit’ index known as R?
(R-squared) value. Excel (and other graphing software) can perform this calculation easily.
It is a useful index of how well a line of best fit (trend line) fits the linear data points. The
higher the R? value, the better the trend line fits your data. For example, look at Tables 5 and
6 showing two separate sets of data collected by students plotting voltage and current data for
an Ohm’s law experiment. Figure 7 shows the graph of each data set.

TABLE 5 Group 1's data

Current (A) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Voltage (mV) 0 1.4 B2 3.6 5.1 5.81 7.2

TABLE 6 Group 2’s data

Current (A) 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Voltage (mV) 0 1.8 1.8 3.6 5.6 5.5 7.2

(@ Voltage vs current (b) Voltage vs current
8.0 8.0
»
7.0 y=0.1201x / 7.0 y=0.1201x
6.0 R?=0.9948 ’ 6.0 R?=0.9597
® ®
= 50 - = 50
= >
o / o
© 40 v o 40 v
2 30 // 2 30 e
2.0 e 2.0 $ 5
4/
1.0 i 1.0
0.0 0.0
0 10 20 30 40 50 60 0 10 20 30 40 50
Current (mA) Current (mA)

FIGURE 7 Voltage versus current graphs for (a) Group 1 and (b) Group 2

Figure 7 shows that Group 1 had a lower scatter of results, so their R? value was high at
0.9948. Group 2’s data was more scattered, so their R? value was low at 0.9597. We can also
say Group 1’s measurements were more precise (less scattered) than Group 2’s. Note that the
gradient is the same at 0.120. The R? value is about the precision (scattering) of your data. It
doesn’t say anything about the accuracy (closeness to the real value).

Error bars and uncertainty

The measurement uncertainty associated with a particular
mean value can be easily displayed on a graph using error bars.
These are vertical or horizontal lines that are added to each data
point that represent the absolute uncertainty at that point. For
example, imagine an experiment in which a ball is dropped from
a height of 5.0 m, and the displacement recorded every 0.20 s.
The graph in Figure 9a (on the next page) shows vertical
error bars for the measurement of displacement (vertical axis).

For most experiments, the uncertainty in the independent

FIGURE 8 Excel can calculate the ‘goodness of fit’ index easily.
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(a) Displacement vs time b Velocity vs time

6.00 12.00

Maximu

5.00 10.00 Mean
E — Minimun
2 400 w 8.00
G : E
£ 300 i Z 600
3 / g
& 200 g 400
[=]

1.00 2.00

0.00 0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20

maximum line of
best fit

a line of best fit of
maximum gradient
within the bounds of
the error bars

minimum line of
best fit

a line of best fit of
minimum gradient
within the bounds of
the error bars
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Time elapsed (s) Time elapsed (s)

FIGURE 9 (a) Vertical error bars show the zone of uncertainty for the displacement values. (b) A graph of the
calculated velocity with added vertical error bars.

variable (horizontal axis) will be very low and can be neglected. The line of best fit should be
midway between the caps of the error bar.

The graph in Figure 9b shows a graph of the velocity at each time, which was calculated

using the formula: v =2 x v = %

A line of best fit (blue) has been drawn and we can calculate its gradient as 9.90 ms™.
Two other trendlines have been added with either maximum or minimum gradient:

¢ amaximum line of best fit (green) that fits within the bounds of the error bars. Its

s :.1090-0 _ P
gradient is q00-0 ~ 10.9 ms2.
¢ aminimum line of best fit (red) that fits within the bounds of the error bars. It has a

8.90 -0 _
1.00-0 "
The uncertainty associated with the gradient can now be calculated:

gradient of 8.90 ms—

_ (xmax - xmin)
o= if

_ ,(10.90 - 8.90)

T 2

=+1.00 ms™!
Expressed as percentage uncertainty:
5% =2 x 100%

_1.00 o
=59 x 100%

=10.1%

Thus, the gradient can be stated using absolute uncertainty as m = 9.9 £ 1.0 m s, If using
percentage uncertainty, m = 9.9 m s 10.1%.

The gradient in this case is the experimental value for acceleration due to gravity of
9.9 m s7! with a minimum of 8.9 m s and a maximum of 10.9 m s=. We could say that
the experiment was accurate as the accepted value of 9.8 m s™! is within our experimental
range. However, as the range is large we could also say that there is a lot of uncertainty in the
measurements (a lack of precision) that detracts from the result.

OXFORD UNIVERSITY PRESS



CHECK YOUR LEARNING 0.7

Describe and explain Investigate, evaluate and communicate
1 Explain what it means to ‘linearise’ a relationship. 5 Table 8 gives data from an experiment where F and
2 Students obtained a relationship y « x. Explain rare two related variables.
whether there is any need to linearise it. TABLE 8
Apply, analyse and interpret 72 48 24 18
2 8 6 8

3 Aplot of the variables F (vertical axis) and v (horizontal
axis) gave a curve in the shape of y « x2. Determine

The data was plotted to give the graph shown in
what you would need to plot to linearise it.

Figure 11.
4 The displacement (s) in metres of a car at various Feir
times t (in seconds) is shown in Table 7. 9
TABLE 7 8 i
o 2 4 6 8 ’
Bl o & 32 72 128 : N
'
Graphs were drawn to show s vs t (Figure 10a) and s 4 N
vs t? (Figure 10b). 3 o
(a) 1
140
)‘ 0
120 / 0 10 20 30 40 50 60 70 80
100 / r
€ 80 /l FIGURE 11 Graph of Fvs r
w60
40 {/ a Predict the mathematical relationship
20 // suggested by this graph.
& 0 b Sketch another graph to confirm your prediction.
t(s)
(b)
140
120
100
E 80
w60

40
20

0 10 20 30 40 50 60
t2(s?)
FIGURE 10 Graphs of (a) svs tand (b) s vs t?

Consider the relationship between s and t.

Check your obook assess for these additional resources and more:

» Student book » Video » Video worksheet » Weblink
questions Linearising a graph, Linearising a graph, Errors is science
Check your adding a trendline and adding a trendline and
learning 0.7 custom bars custom bars
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8. Test the
conclusion

[ |

7. Report
findings

| |

6. Draw a
conclusion

hypothesis

a considered opinion,
theory or statement,
based on research
and evidence, about
something that is yet
to be tested

independent
variable (IV)

a variable (often
denoted by x) whose
variation does not
depend on that of
another

dependent
variable (DV)

the variable (often
denoted by y) that
responds to the
independent variable.
It ‘depends’ on the
independent variable
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area of research
’ and the

t
\ 5. Collect and '
analyse the data

FIGURE 1 The eight steps of the scientific method

The scientific method

KEY IDEAS
In this section, you will learn about:
+ steps in the scientific method.

1. Identify the The scientific method is a process of
problem-solving used across all the sciences.
It helps scientists investigate and explore
ideas universally. The scientific method has
eight steps, regardless of the science it is

being applied to.

research aim
2. Collect
information

\

3. Identify the

Steps in the
reearchauestion gcjantific method

a hypothesis 1

l 2

3 Identify the research question and

Identify the area of research

Collect information

4. Design a
research formulate a hypothesis
TG 0 (et 4 Design a research

he hypothesis .
P method to test the hypothesis

Collect and analyse the data
Draw a conclusion

Report findings

W I SN W

Test the conclusion

Developing hypotheses

A hypothesis proposes cause-and-effect relationships, providing a tentative explanation for
an observed phenomenon. The hypothesis needs to be expressed as a precise and
unambiguous statement that can be supported or refuted by experiment. The hypothesis
proposes the nature of the relationship between variables.

Variables

The independent variable (IV) is the element that is manipulated by the experimenter.
The dependent variable (DV) is the element that is influenced by the independent variable,
and subsequently measured.

Hypotheses typically take the form, ‘as the independent variable is (increased or
decreased), the dependent variable will (increase or decrease)’. For example, if a research
question asks, ‘How does the resistance of nichrome wire change with temperature?’, the
hypothesis could be, ‘As the temperature of nichrome wire is increased, the resistance will
decrease’. In this example, the independent variable is temperature and the dependent
variable is resistance.
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The method

The method needs to state the steps in the experiment and explain how the variables will
be tested to support or refute the hypothesis. When writing a report, the method should be
presented so that someone can replicate the experiment exactly as it was conducted.

The method should explain in detail how the variables were changed, as well as including
exact information about measurements taken and how they were taken.

Types of data

Data can be nominal (labels), ordinal (in order), qualitative or quantitative. Physics typically
deals with quantitative data. Quantitative data is numerical information about the
variables. Quantitative data can be analysed using graphical information. Qualitative data
is data that focuses on the descriptions of the characteristics of what is being studied.

Data tables and graphs are used to present the data scientifically. A data table should state
what has been measured and show the raw data. The data should be displayed in forms that are
appropriate to the data. Any calculations that need to be performed should also be represented.

Validity and reliability

What makes research and results valid or reliable? For an experiment to be reliable, it must be
repeated several times to ensure that the results are due to the manipulation of the variables
and not caused by chance. You may need to repeat the experiment using trials to ensure
reliability, too.

For an experiment to be considered valid, the data must be directly related to the
hypothesis. This does not mean that the data needs to support the hypothesis — it can also
refute the hypothesis. For example, consider the hypothesis from earlier: ‘As the temperature
of nichrome wire is increased, the resistance will decrease’. For this to be a valid experiment,
it would need to measure the resistance of nichrome wire — it would not be considered valid if
it measured the melting point of nichrome wire.

CHECK YOUR LEARNING 0.8

qualitative data
relating to the
non-numerical
characteristics of a
substance, an object
or a phenomenon

quantitative data
relating to numerical
data about a
substance, an object
or a phenomenon

Describe and explain Investigate, evaluate and communicate
1 Explain the steps of the scientific method. 5 Hypothesise and create a methodology for the
2 Describe what an independent variable is. question ‘How does the resistance of nichrome wire

3 Describe what a dependent variable is. change with temperature?

Apply, analyse and interpret

4 ‘| can't linearise my data.’ Determine if this means
that your experiment was not valid.

Check your obook assess for these additional resources and more:

» Student book » Weblink » Weblink » Weblink
questions The scientific method Hypotheses Validity and reliability
Check your
learning 0.8
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The student experiment

KEY IDEAS
In this section, you will learn about:

+ research and planning a student experiment
+ analysis of evidence, interpretation and evaluation
+ communicating findings in a scientific report.

The student experiment is part of the assessment for Senior Physics in Queensland. It
involves selecting an experiment that has already been completed in class and modifying it in
order to address a hypothesis or research question.

Research question

The purpose of the research question is to guide the direction of the research and analysis.
The research question can be developed using five steps:

e Identify the independent variable to be investigated.
e Identify the dependent variable.

e Identify the methodology to be used.

e Draft several research questions.

¢ Refine and focus one research question.

The statement of the research question will have to be specific and relevant, and should
mention the dependent and independent variables. It must show the relationship with the
original experiment. For example, ‘What is the relationship between the electrical resistance
of nichrome wire and its cross-sectional area when temperature, length and alloy composition
are kept constant?’

Developing a rationale for the
experiment

The rationale is the purpose of the experiment — that is,

what the experiment aims to achieve and the reasons for

conducting the experiment. The reasons for modifying an

experiment must include one of:

¢ arefinement because the original experiment wasn’t
accurate or precise enough

¢ an extension where a relationship between two variables
was observed but the data didn’t extend beyond that
range of parameters

FIGURE 1 The student experiment is part of the assessment for
Senior Physics in Queensland. ¢ aredirection because a certain natural factor affected

results and its relationship to the original variables
needs to be assessed.

The rationale needs to describe and explain theoretical relationships for the variables
under consideration.
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Method

The method must justify how the modifications will refine, extend or redirect the original
experiment. It needs to show how the variables will be manipulated and measured, and the
other variables controlled.

Manipulating the independent variable

The independent variable can be manipulated by trials and repetitions. Trials are
variations of the independent variable. Five trials should be conducted if it is expected to
be a linear relationship. If it is expected to be a non-linear relationship, further trials should
be conducted. Repetitions are additional test measurements made under exactly the same
methodology, conditions and materials. The more repetitions you do, the less the random
error, but three is usual.

Measuring variables

Gather information about how the variables are to be measured. This includes what
instrument is to be used, how it works, how it is connected, and what the techniques are for
using it and reading it accurately. Uncertainties involved in the measuring process should also
be acknowledged. The only variables that should be listed are those that will have an effect on
the experiment.

Using a logbook

Using a logbook will help you to record your data accurately as you conduct the experiment.
This will make it easier to interpret your results. It can be electronic.

FIGURE 2 Using a logbook will help you record your data accurately.
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Study tip

If a table and graph
represent the same
data, they should

share the same name.

Reporting the student experiment

The report is the communication of understandings and experimental findings, arguments
and conclusions. All scientific reports must include a title that summarises the experiment,
and must include the following sections.

Introduction

The introduction must address the research question and hypothesis, and explain the
rationale for the experiment.

Method

The method needs to address the method used in the original experiment and how this has
been modified in the student experiment. It should also address management of risk, so that
anyone who repeats the experiment can avoid harm. The method should be written as a
step-by-step guide so that anyone who wants to repeat the experiment in the future can do
so. This means that any descriptions of how to take measurements must be exact, as must the
details of how any equipment was used, and the timing of measurements.

Results

The results of the experiment should be presented, but not analysed in this section. Results
should be presented using data tables and graphs. A data table should state what has been
measured and show raw data that is displayed in forms appropriate for the data. For example, if
data about temperature was recorded in Celsius, it should be displayed in Celsius, not kelvin.
Any sample calculations that were conducted should also be represented here. This
includes any manipulation of the data, including calculating the average, and calculations of
quantities. An appendix can be included to show anything that may not fit into a data table.

Analysis of evidence

Any trends in the data should be apparent after the results section. A relationship between
the variables that is applicable to the research question should be identified. The relationship
should not be superficial or partial. If the relationship is non-linear, a relationship should be
suggested and linearising attempted.

Any limitations of the evidence should also be described here. This will also include an
error analysis of the data. Your findings and comparison with theoretical expectations must
only be considered within the parameters of the experiment.

Discussion

The discussion is where you interpret the experimental evidence. A justified conclusion can
be provided that links to the research question. In this section, you should restate the research
question as well as stating if the hypothesis was supported or not.

A summary of the results should be presented to state if the research question was
answered. Any evidence or examples used should be specific and relevant. You should explain
how each piece of evidence supports the conclusion.
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Evaluation of the experimental process

This section is where you discuss the error analysis, including the
reliability and validity of the experimental process, using evidence

such as the quality of the data. Also, any inconsistent results should be
identified. Any anomalies and outliers in data should be discussed and an
attempt to explain the source of these should be made. It is important to
acknowledge any data that deviates from what was expected.

Suggested improvements and extensions

Any improvements to the design and method must be logically discussed.
Issues in the design should be identified and explained. This includes
any variables that were not controlled for, such as using the incorrect
equipment, or the choice of variables. It is important to explain why these
are problems, and how these could be fixed. If there is anything that it
should be changed in the method, this should also be discussed here.

possibilities, this should be discussed here. This should be based on
critically considering the results of the experiment and the analysis
of data.

If there are any extensions to the experiment, or future research '

FIGURE 3 In the discussion a summary of the
ConClUSion results should be presented to state if the
research question was answered.
The experiment should be summarised and given closure. It should be

clear that a logical and reasonable argument has been made from valid and accurate data that
is supported by trustworthy and relevant theory to generate logical conclusions.

CHECK YOUR LEARNING 0.9

Describe and explain unexpectedly affected your earlier results and its

1 Explain the five steps in developing a research relationship to the original variables needs to be
question. assessed.

2 Identify the three ways a practical can be modified Investigate, evaluate and communicate
forusein a student experiment. 5 Decide whether you would include suggestions for

3 Recall whether a hypothesis is mandatory. overcoming ‘mistakes’ in the evaluation section of

Apply, analyse and interpret your report. Justify whether they fit the definition

. . of improvements or extensions.
4 Deduce whether the following scenario is a .

refinement, extension or redirection: ‘Air resistance

Check your obook assess for these additional resources and more: E
» Student book » Video » Increase your » Weblink

questions The Student knowledge Researching a claim

Check your Experiment Creating a logbook

learning 0.9
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Research investigation

KEY IDEAS
In this section, you will learn about:

+ the purpose of the research investigation
+ techniques for evaluating a claim.

The research investigation is a non-experimental task that requires you to evaluate a claim
about a significant issue from your study of physics. You will be expected to develop a
research question based on possible claims provided by your teacher. Part of the research
investigation is obtaining evidence by researching scientifically credible sources. This will
form the basis of a justified conclusion about the truthfulness of the claim.

Research and planning

You will need to decide how you want to present your research investigation. There is scope
to present this as a report, an essay, a presentation, etc. You may need to consult with your
teacher about whether there is a preferred format.

Researching the claim

Select a claim that you understand and that you find interesting. This will make reading
through the research easier for you. Once you have selected the claim, identify the key terms
and question these terms so you can determine the relationships that exist between variables.

After selecting the claim, read broadly to see if the scientific literature provides evidence
for or against the claim. For example, consider the claim, ‘When a concert hall warms up,
wind instruments go out of tune but stringed instruments do not.” The key terms in this claim
could be ‘warm up’, ‘wind/string instruments’ and ‘tuning’. The relationships between these
should link the cause and effect. For example, temperature change (the cause) impacts on the
standing waves in strings (the effect).

Preparing for the response

After selecting the claim, you must pose it as a research question. Read through scientific
literature and consider the scope and depth of the response. The research questions for the
task should consider at least one independent variable, and you will need to consider if this
variable is measurable.

Gathering scientific evidence

Approach the scientific literature without a preconceived idea. As you read through the
literature, you may find evidence that both supports and refutes your claim. A research
investigation must consider the claim as a whole — this means including evidence that is both
supportive and against the claim. A good argument considers both sides.

Using credible scientific resources is vital in developing a research investigation. Many
scientific reports are available online and you will need to decide if they are credible.
A credible article typically is from a scientific journal. Journals that are operated by a
university, the government or a research organisation are usually credible sources.
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FIGURE 1 Read through scientific literature to gather evidence that supports and refutes your claim.

Interpret the evidence presented in the literature by drawing upon your scientific
understanding. This will include separating the evidence that supports your argument from
the evidence that contradicts your argument. You will then be able to use the scientific
literature to construct an argument. The argument needs to directly answer your research
question.

Interpreting scientific evidence

After you have read broadly, you will need to interpret the evidence found in the literature.
This will involve looking at results, the methods used, and the way data was collected and
analysed across all sources.

Communicate your findings

Once you have conducted the research, you need to present your findings. Regardless of the
way your report will be presented, you will need to address the following areas.

Provide an overview

State the claim and provide a rationale for how you developed the research question. This will
involve explaining any critical thinking processes that were used during your research and
analysis of research.

You must also present your argument and discuss both sides with supporting and refuting
evidence. Also explain the physics behind the claim and any cause-and-effect relationships.
Using the example of the concert instruments, you may need to explain how sound is made,
relevant properties of sound, how standing waves are produced in musical instruments and
the effect of changes to these relationships. Explain this using evidence from the literature.
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Analysis and interpretation

There are two parts to each argument: analysing the data and interpreting the data.

When you write up your analysis of the data, provide a clear topic sentence that contains
sufficient and directly relevant scientific evidence presented in a systematic and accurate way.
Any patterns, trends and relationships in the data that support the argument should also be
identified. Examine the evidence thoroughly to identify any limitations such as data that is
out of date, data that may not be reliable and valid, or data outside of the range of physical

conditions specified in the question.

To interpret the data, a topic sentence should include evidence that shows direct links to
the claim and the research question. The argument must critically evaluate the validity and

reliability of the claim, showing how evidence supports the answer to the research question.

Conclusion and evaluation

The conclusion must consider the limitations identified in the analysis of the data and how
these affect the use of evidence to evaluate the claim. The evaluation of the claim should
support or refute the claim within the limitations of the evidence identified in the analysis. It

should be easily understood and avoid unnecessary repetition.

Any improvements to the investigation should be presented, including limitations of the
evidence. Any extensions that would complement the findings of the investigations should be

provided, too.

Your research investigation should finish with a strong statement explaining how you have
used sound reasoning, and valid and reliable evidence, to support conclusions that directly

respond to the claim.

CHECK YOUR LEARNING 0.10

Describe and explain

1

Apply, analyse and interpret

For your research investigation, explain whether
you have to choose a claim from a list of
suggestions or if you can negotiate another.
Define ‘limitations’ of the evidence and give an 5 Create aresearch question about whether you can
travel faster than light using the format, ‘To what
extent does X affect Y in process Z under stated

example.

conditions.

3 Clarify whether the claim you have selected for

your research investigation has to be true.

Check your obook assess for these additional resources and more:

» Student book » Video » Video worksheet
questions The research The research
Check your investigation investigation
learning 0.10
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Investigate, evaluate and communicate

4 Create arelevant research question from the claim,
‘The dream of almost limitless clean energy from
nuclear power is close to being realised.

» Weblink
Research
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Preparing for your exams

KEY IDEAS
In this section, you will learn about:

+ how to prepare for your exams
+ exam question strategies.

Being able to understand physics concepts is important — but being able to show it in exams
requires different skills. Here we’ve collected together our best advice.

Managing your study

It can be hard to find time to study, see your friends and family, play sport and work part

time. There are several things you can do to keep motivated and focused during your

senior years:

e A study timetable — this can help you plan ahead and see what your week looks like.
Assigning specific time slots to your subjects can help you balance your week.

e To-do lists — to-do lists can help you see what you need to achieve in a shorter time
period. They can also motivate you to keep working, as you can see what you have already
achieved.

e Study environment — create a study environment that you feel comfortable in. This could
be your desk at home, school or local library, or anywhere that you feel ready to study.
Ensure there are no distractions, and that you have everything you could need such as a
calculator, spare paper and pens.

* Avoid distractions — when you set aside time to study, it is good to use that time wisely. Try
to turn your phone off, not have TV or music on in the background, and not to have too
many snacks to distract you.

* Reward yourself — as much as it is important to study during your senior years of high
school, this does not mean you should neglect other areas of your life. You can reward
yourself by catching up with friends, watching an episode of your favourite TV show or

going out for coffee. Whatever you enjoy doing can motivate

you to keep studying.

Participate during the year

Throughout the year you will have many opportunities

for revision and to carry out experiments. It is important
to be an active participant in all of these, as they will help
you prepare for your examinations. By participating in
experiments, you will become more familiar with the
variables, the names of different apparatus, the rate at
which variables change, and which variables are important.
This will help with data tests, as well as making you more
comfortable when a question about the topic comes up in

st

FIGURE 1 Multiple-choice questions will be part of your
examinations. your exam.
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In the exam

Multiple-choice questions

Multiple-choice questions will be part of your examinations. Typically, multiple-choice
questions follow a structure with one answer that is definitely wrong, one that is partially
correct but has a word in it that makes it incorrect, one that may be true but is irrelevant to
the question, and one correct answer.

While there can be a pattern to multiple-choice questions, there is no guarantee that this
will be followed. It is important that you always read each option carefully to determine which
is the correct answer.

Developing automaticity

Expert problem-solvers often have an automatic approach to the first stages of a problem. By
practising with lots of simpler one-concept and one-star questions throughout this text, you
are developing an automatic approach to dealing with concepts and formulas. For example, if
you see voltage and current, the automatic approach would be to immediately think ‘Ohm’s
law’, IV = IR, and you would calculate resistance. If you have already thought of this at the
beginning of a question, you will have more time to focus on the more difficult aspects.

The 7F approach to problem-solving

1 Focus

People often start solving problems without realising what topic they are working in. It is
important to have your mind focused on the right field or topic. For example, you may need
to determine if you are working on linear motion or waves — both of these topics have velocity,
displacement and time. To determine which topic you are working in, look for key words and
then narrow down your thinking.

2 Facts

When you are looking at questions, it is important to look for facts. You should look for any
numerical data in the question — circle this and put a symbol next to it. You should then
look for any non-numerical data in the question, such as ‘starts at rest’, ‘boiling point’ or
‘air to glass’. These terms will provide information about the topic — circle these words and
annotate what they mean. Finally, look for key words that express the limitations of the data,
such as ‘smooth’, ‘uniform’ or ‘constant’.

3 Find

Locate the part of the question that says what you have to find. Note exactly what the physical
quantity is and any units it has to be expressed in.

4 Figure
Drawing a figure can help you sort out the data. If you draw a figure, make sure it is clear so
that you can sort the data easily.

5 Formula

Start by identifying the formulas you think may be appropriate. Think about what symbols
are in the data and match them with the symbols from the formula. For simpler questions
there may be one unknown, so you will need to find a formula that has data for every quantity
except one. Irrelevant information is also added into questions to force you evaluate what is
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needed. For harder questions, you may need two or more formulas. For example, to calculate
work you can use W = Fs, but first you may have to calculate force using, F = ma.

6 Figure it out

e Spread out your working and do it in a single column.

*  Work as neatly as you can — this makes it easy to check your equations and formulas as you
work through the problem.

e Rearrange the formula to have the unknown as the subject of the equation.

e Work in symbols for as long as you can — this makes calculation and transcription errors
less likely.

*  Keep symbols clear — for example, write # and v neatly, don’t confuse m and M, and don’t
confuse rand 7.

e Make sure your calculator is in the right setting — degrees or radians (depending on the
question).

e Use your own familiar calculator that you usually use for physics — don’t use an unfamiliar
calculator at the last minute.

e Try to work in scientific notation — long lists of zeros after the decimal point can lead to
errors.

e Don’t skip steps — write each step down so it is easier to check later and, if needed, find
your error.

*  Remember mathematics rules — for example, if you multiply a negative by a negative, it
will be positive.

7 Finish

e Check your arithmetic.

» Should the answer really be negative?

e Put the answer back into the original equation to check.

* Have you answered the question? For example, if the question asks for the height of a cliff,
don’t leave the answer as s = —150 m. Finish your answer by writing ‘height = 150 m’.

e Check that you have expressed the answer in the correct units.

Responding to cognitive verbs

During assessment tasks and examinations, you will be presented with cognitive verbs.
Cognitive verbs are task words that will provide information on what you are expected to
provide in an answer to a question.

It is important that you understand the difference between different task words. For
example, as question that asks you to compare is different to one that asks you to contrast.
One requires you to show similarities and differences, while the other is only asking to show
the differences.

If you understand exactly what a cognitive verb is asking for, you can provide exactly what
the examiner is looking for. Examiners want to award you marks, but can only do so if a you
provide the correct information. For example, if you describe data in your answer, but do not
analyse the data, you will not be eligible for full marks.

You may also encounter cognitive verbs that have multiple definitions. It is important that
you are able to identify which definition is appropriate to the question.

Below is a sample of cognitive verbs that may come up throughout this book and in your
assessments, a full list of QCAA cognitive verbs is provided on your obook assess.

OXFORD UNIVERSITY PRESS CHAPTER 0 PHYSICS TOOLKIT

49



TABLE 1 Some of the cognitive verbs used in the book

Cognitive verb sample question

Analyse

Apply

Assess

Calculate

Compare

Communicate

Consider

Deduce

Describe

Design

Determine

Discuss

Dissect to ascertain and examine constituent parts and/or
their relationships; break down or examine in order to identify
the essential elements, features, components or structure;
determine the logic and reasonableness of information;
Examine or consider something in order to explain

and interpret it, for the purpose of finding meaning or
relationships and identifying patterns, similarities and
differences

Use knowledge and understanding in response to a given
situation or circumstance carry out or use a procedure in a
given or particular situation

Measure, determine, evaluate, estimate or make a judgment
about the value, quality, outcomes, results, size, significance,
nature or extent of something

Determine or find (e.g. a number, answer) by using
mathematical processes; obtain a numerical answer showing
the relevant stages in the working; ascertain/determine from
given facts, figures or information

Display recognition of similarities and differences and
recognise the significance of these similarities and
differences

Convey knowledge and/or understandings to others; make
known; transmit

Think deliberately or carefully about something, typically
before making a decision; take something into account when
making a judgment; view attentively or scrutinise; reflect on

Reach a conclusion that is necessarily true, provided a given
set of assumptions is true; arrive at, reach or draw a logical
conclusion from reasoning and the information given

Give an account (written or spoken) of a situation, event,
pattern or process, or of the characteristics or features of
something

Produce a plan, simulation, model or similar; plan, form or
conceive in the mind

Establish, conclude or ascertain after consideration,
observation, investigation or calculation; decide or come to a
resolution

Examine by argument; sift the considerations for and
against; debate; talk or write about a topic, including a range
of arguments, factors or hypotheses; consider, taking into
account different issues and ideas, points for and/or against,
and supporting opinions or conclusions with evidence
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Using your understanding of weight
and mass, analyse why it is easier to lift
people in a swimming pool but why a
rubber brick may still feel heavy.

A pulse seems to increase in speed when
it is going from one spring to another.
Apply your understanding of speed,
frequency and wavelength to deduce
whether a pulse would be going from a
light to heavy spring, or the reverse.

Assess the effect on their experiment if
students noticed that some of the loops
in the coil were touching each other.

Calculate the resistance of a 50 m
length of silver wire of cross-sectional
area 0.50 mm? at 20°C.

Compare free convection and forced
convection.

Communicate the findings through a
table and graph.

Consider what the forces would be if a
mass of 500 kg was placed on the table.

Deduce how much heat transfer occurs
from a system if its internal energy
decreased by 350 J while it was doing 50
J of work.

Describe the type of decay where there
is a surplus of protons.

Design an experiment to investigate
the intensity of light through a pair of
polarisers as one of the polarisers is
rotated through 180°.

Determine the amount of C-14 as a
percentage of the C-14 in living tissue if
it really was from 30 CE.

Discuss the problems associated with
using the Fahrenheit scale given that the
United States is one of the few countries
in the world to still use it.
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Distinguish

Explain

Interpret

Investigate

Justify

Predict

Propose

Sketch

Recognise as distinct or different; note points of difference
between; discriminate; discern; make clear a difference/s
between two or more concepts or items

Make an idea or situation plain or clear by describing it in
more detail or revealing relevant facts; give an account;
provide additional information

Use knowledge and understanding to recognise trends and
draw conclusions from given information; make clear or
explicit; elucidate or understand in a particular way;
Identify or draw meaning from, or give meaning to,
information presented in various forms, such as words,
symbols, pictures or graphs

Carry out an examination or formal inquiry in order to establish
or obtain facts and reach new conclusions; search, inquire into,
interpret and draw conclusions about data and information
Give reasons or evidence to support an answer, response or
conclusion; show or prove how an argument, statement or
conclusion is right or reasonable

Give an expected result of an upcoming action or event;
suggest what may happen based on available information

Put forward (e.g. a point of view, idea, argument, suggestion)
for consideration or action

Execute a drawing or painting in simple form, giving essential
features but not necessarily with detail or accuracy;

In mathematics, represent by means of a diagram or a graph;
the sketch should give a general idea of the required shape
or relationship and should include features

Distinguish between the nuclear strong
force and the electrostatic (Coulomb)
force.

Explain what it means to have a fission
chain reaction.

Interpret the data and plot the shape of
the spring at t=0.

Investigate the following question: was
the strong nuclear force ‘invented’ in the
1970s or was it ‘discovered’?

Justify the conclusion that the collision
was elastic.

Use the wave equation to predict

the velocity of a refracted wave if

its incident speed is 30 cm s* and
wavelength 3 cm, if its refracted
wavelengthis 2 cm.

Propose a reason for why many people
die in intense bush fires without being
touched by the flames.

Sketch the following vector quantities
on a directed number line; 30 m E and
100 m W.

Source: Physics 2019 v1.2 General Senior Syllabus Queensland Curriculum & Assessment Authority

CHECK YOUR LEARNING 0.11

Describe and explain

1 Create your own study timetable, including
any other commitments such as sport, work,
volunteering and social activities.

2 Create a list of things that you need to study.

3 Think about what distracts you. Identify these
and things write them down so you can create an
environment free from distraction.

4 Explain the 7 Fs of problem-solving.

Check your obook assess for these additional resources and more:

» Student book » Video

» Increase your

questions Preparing for exams knowledge
Check your Creating a study
learning 0.11 timetable

OXFORD UNIVERSITY PRESS

» Weblink g
QCAA Senior Physics

Syllabus
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CHAPTER

0.8 2

There is an international system of units called S| that is most commonly used around
the world and by scientists.

Measurable features or properties of objects are often called physical quantities. All
physical quantities should be quoted with their numerical value and their unit.

Significant figures are those digits in a number that are known with certainty plus the
first digit that is uncertain.

All measurements include errors or uncertainties, either systematic or random.
Uncertainties in calculations of experimental results can be determined using rules for
propagation.

Precision is a measure of the uncertainty of experimental results - it is expressed as
absolute or percentage uncertainty.

Graphs have two axes. The x-axis (the horizontal axis) is for the independent variable or
cause. The effect of that cause is plotted on the y-axis (the vertical axis) and is called
the dependent variable.

The slope or gradient of the line is defined as change in y divided by change in x. This is
often called rise over run’.

Common terms associated with graphs are: direct proportion, proportion (which
includes linear and parabolic relationships) and indirect proportion.

Graphs of the following relationships have characteristic shapes that have been detailed
in this chapter: y « x, y = mx, y = mx+ ¢, y x X3, y « % Yo X3,y = y, ekt

Relationships between variables can be proven by plotting the predicted function of

x on the x-axis and examining to see whether the graph is a straight line. This is called
linearising.

Graphs can be used to detect and show errors in experimental results.

The line of best fit for a graph should pass through as many points as possible. For the
points that are off the line, there should be an equal number of points above the line
and below it.

Points a long way from the line of best fit are called anomalies or outliers.
The scientific method is a process of investigation with eight steps.

Scientific reports are presented with an introduction, research question, hypothesis,
method, discussion and conclusion.

Key terms

e accuracy e minimum line of best fit e scale reading limitations
e anomaly o outlier e scientific notation

e best estimate e percentage uncertainty e significant figures

e dependent variable e precision e standard deviation

e independent variable e random errors e systematic errors

e linearising o reliability

e maximum line of best fit o reliable
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Key formulas

Absolute error

Determining slope of a graph

Absolute uncertainty of the mean
Percentage uncertainty

Percentage error

Revision questions

Slope (m) =

Percentage error (E%) =

Ea = |XO - XAI

changeiny Ay _Yy,— Y,
changeinx ~ Ax ™ X~ X

X =X .
6x=iw6%=‘;—xx 100%
0

measured value - true value

true value x100%

E
E% =YZX 100%

The relative difficulty of these questions is indicated
by the number of stars beside each question
number: * = low; *#* = medium; *x** = high.

«+ Short answer

Describe and explain

*1 Classify the following units as Sl or non-
SI: metres, kilograms, pounds, kelvin.

* 2 Explain the difference between significant
figures and scientific notation.

*3 Explain what a ‘systematic error’ means in
terms of zero error.

* 4 Explain what is meant by ‘propagation of errors’
when performing a calculation.

*5 Explain why is it necessary to calculate
percentage error of a result rather than just
leave it as absolute error.

* 6 Calculate the following:

a 1.25cm converted to metres
b 143 367 mm converted to metres
* 7 Identify the number of significant figures in
each of the following:
a 83.83 b 20.0
* 8 Express the following in scientific notation:
a 0.000552 b 73000 000
**9 Calculate the following and express in scientific

notation to the correct number of significant
figures:

a 1.18cmx3.1416 cm

b (2.0%x103m)x (2.0 x 10 m)

Apply, analyse and interpret

*% 10 a Sketch a graph of the data givenin Table 1
and draw a line of best fit. (Note: the
independent variable is listed first.)

TABLE 1

B o0 20 40 60
Distance (m) 00 12 23 37

b For the line plotted on the graph:
i calculate the slope
ii extrapolate to 8.0 seconds
iii interpolatefor3.0s
** 11 An experiment using an electric water-heater
was conducted to test the effect of different
currents on the heat added to a cup of water
after 10 minutes. The results are in Table 2.
TABLE 2 Results of water heating experiment

SV iVl 05 08 1.0 16 24 3.0
Heat, Q (J) 375 960 1500 3800 8640 13500

a Construct a graph to show the relationship
between heat Qin joule, developedin a
heater by electric currents of lampere.

b Describe the relationship between Q and I.

¢ Construct a linearised graph to confirm the
relationship between Q and 1.

** 12 An analogue voltmeter with a scale division of
0.1 Vreads 2.4V when placed across a resistor
of 47 Q + 5%.

a Determine the absolute uncertainty in the
voltage reading.

b If acalculation of% was made, calculate
the percentage uncertainty in the result.

***13 As part of an investigation into motion of a
falling object, a tennis ball was dropped from
various heights as shown in Table 3 over the
page. The heights were measured with a metre
ruler marked in mm and the uncertainty was
considered insignificant. Times for three trials
were measured with a stopwatch.

OXFORD UNIVERSITY PRESS
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TABLE 3 Drop heights and times The 426 cubic inch aluminium Chrysler Hemi is

Drop time t (s) a supercharged, fuel-injected, nitromethane-
m burning engine that produces a massive 8000

hp (horsepower).

0.50 0.37 0.44 0.50 _ o
1.00 0.62 0.56 0.56 TABLE 4 Speed vs power using a Chrysler Hemi engine
1.50 0.75 0.75 0.69 UGN 7000 8000 9000 10000 11000

2.00 0.75 0.87 0.94 Speed (mph) JAEERFEL

a Determine the missing values from Table 4

a Calculate the mean (x), and the absolute by applying the formula given.
uncertainties of the mean for the times for b Construct a graph with power on the
each height. horizontal axis and final speed on the

b Construct a graph with height (s) on the vertical axis.
horizontal axis, and the corresponding mean ¢ Construct a linearised graph based on the
of the times on the vertical axis. expected relationship as described in the

¢ Construct a linearised graph by plotting Vs formula.
on the horizontal axis and t on the vertical *%**16 The magnitude (M) of an earthquake is
axis. Add vertical error bars. measured using the Richter Scale. The scale

d Determine the gradients of the maximum was developed in 1935 by US seismologist
and minimum lines of best fit, and express Charles Richter. Because the range of energy
these as an absolute uncertainty for the involved in earthquakes ranges from very small
mean value of the gradient. to enormous, the scale uses this relationship:

*** 14 German physicist Arnd Leike, from the M= %lOglo<E£>
0

University of Munich, found that the decay of
foam height in beer with time was exponential:
Yo< % where y = height of the foam and x =
time. He was awarded an ‘Ig Nobel’ Prize by the
science humour magazine Annals of Improbable
Research for one of the world’s most useless

where Eis the energy of the earthquake and E
is the energy of a reference earthquake (104 J).
It is not used much any more in scientific circles.
a Identify the type of relationship this is
(linear, power, exponential, logarithmic)

pieces of research. Using an Excel spreadsheet b Calculate Mfor an earthquake having an

or your graphing calculator, describe and energy output of 10% J.

determine the difference between the graphs ¢ Now determine the magnitude (M) for

when n = 3 (Leike’s result) and n= 2 (inverse earthquakes having energy E of 104, 10¥,

square). 1078, 10#° J and enter into a table as shown.
* % 15 In the automobile sport of drag racing, the aim Calculate log(ﬁ). The first two have

is to cover a one-quarter mile (402 m) track in been done for you:

the shortest time possible - typically 5 to 10 TABLE 5 Energy and magnitude of Earthquakes

seconds. The more powerful the engine, the 1045 104 104 104 104

faster the final speed and thg shortgr the time. 1 2

However, you can’tjlust. I.<eep |ncrea5|ng the 067 133

power and expect significant gains. In fact the

rule of thumb says the final speed is a cube root d Sketch M (y-axis) vs 10810<WE44) onthe

x-axis. Is it linear? (You could have plotted M
vs E using Excel but it is too awful a shape to
contemplate).

function with power. The equationiis: v = 14.8VP
where vis the final speed in miles per hour (mph),
and Pis the engine output in horsepower (hp).
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*** 17 Determine the reading and uncertainty of
the measurement on the ruler in Figure 1. The
numbers are centimetres and the small divisions
are millimetres.

00

&) » N (09] ©

THET ESY [ | s Jall

FIGURE 1 What is the reading and uncertainty of the
measurement?

Investigate, evaluate and communicate
** 18 The following sets of data represent common
relationships in physics. Predict the relationship
by graphical means for each and confirm it
where necessary by linearisation.
a TABLEG
1 2 3 5 6
2.00 110 0.7 041 0.33

ii

b TABLE?7

3.00 075 019 0.08 0.05

ii

c TABLES8

ii
o
[\S}
w
(@)
N

45 125 245

*** 19 The following sets of data represent common
relationships in physics. Predict the relationship
by graphical means for each and confirm it
where necessary by linearising.

a TABLES9

050 170 210 360 7.00

054 099 110 144 201
b TABLE10

0 15 34 51 7

32 92 168 236 312

*** 20 Students were investigating the swing of a
pendulum as a function of length of the string.
Their results are shown in Table 11. The period is
the time for one complete swing.
TABLE 11 Results of a pendulum experiment

Length, L (m) Period, T (s) £ 0.15 s

0.10 0.78
0.20 1.20
0.40 1.42
0.60 1.90
0.80 2.04
1.00 2.16
1.20 2.50
1.40 2.67

a Construct a graph with length on the
horizontal axis and time on the vertical axis.

b Predict the relationship between T and L.

c Construct alinearised graph to confirm the
relationship.
Determine the gradient of the line of best fit.
Construct error bars on the graph and
determine the gradient of the maximum and
the minimum lines of best fit.

f Express the gradient as a mean value +
absolute uncertainty.

Check your obook assess for these additional resources and more:

» Student book
questions
Chapter O revision
questions

» Revision notes
Chapter 0

OXFORD UNIVERSITY PRESS

» assess quiz

» Flashcard glossary
Auto-correcting Chapter 0

multiple choice quiz
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The three seemingly different ideas of heat, nuclear
energy and electricity have one thing in common - the
pivotal role of energy in modern society. These three
topics provide an introduction to the fundamental
idea of energy transfers and transformations and how
global energy needs are met.

As objects are heated, their energy increases,
and this means changes to their internal energy -
the microscopic kinetic and potential energy of the
particles. An understanding of this internal energy
forms the basis of modern thermodynamics and the
laws that allow us to predict the direction of the flow
of energy, deduce the source of energy losses and
calculate the efficiency of energy transfer in devices
such as car engines, steam engines and refrigerators.

ey NN NN Y R \ \Tmm—

UNIT 1 TOPICS

This leads into an examination of matter at the atomic
scale, starting with the structure of the nucleus

and how the strong nuclear force and electrostatic
forces compete to keep the nucleus together or let

it disintegrate into alpha, beta and nuclear radiation
along with neutrinos and anti-neutrinos. We see how

a decaying nucleus converts mass into energy as
described by Einstein’s famous equation E = mc? and
how this process is the basis for nuclear reactors,
radiopharmaceuticals and the stars. The final topic
looks at electricity, beginning with the relationship
between voltage, current and resistance. Use of circuit
analysis helps us understand how electrical energy is
transferred in wires to be used and controlled in homes
and workplaces.

- TAEEEEEEY A 1\ N A

QN
4 Topic 1 - Heating processes Chapters 1-3

Topic 2 - lonising radiation and nuclear reactions Chapters 4-6

Topic 3 - Electrical currents

‘ Unit objectives

— Describe and explain heating processes, ionising
radiation and nuclear reactions, and electrical
circuits.

Apply understanding of heating processes, ionising
radiation and nuclear reactions, and electrical
circuits.

Analyse evidence about heating processes, ionising
radiation and nuclear reactions, and electrical
circuits.

Interpret evidence about heating processes,
ionising radiation and nuclear reactions, and
electrical circuits.

Chapters 7-9

— Investigate phenomena associated with heating
processes, ionising radiation and nuclear reactions,
and electrical circuits.

Evaluate processes, claims and conclusions about
heating processes, ionising radiation and nuclear
reactions, and electrical circuits.

Communicate understandings, findings, arguments
and conclusions about heating processes, ionising
radiation and nuclear reactions, and electrical
circuits.

Source: Physics 2019 v1.2 General Senior Syllabus
Queensland Curriculum & Assessment Authority

FIGURE 1 This image is a representation of atomic structure.

Atomic reactions are the basis of the different forms of energy.
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Heat and

temperature

Would you rather be too hot or too cold? If you’re too hot, you can sit
in the shade or wear fewer clothes, but that’s about it. If you’re too cold,
you can add extra layers of clothing. But what is more important to

CHAPTER

survival: heat, or the lack of heat? The answer to each of these questions
has to do with the internal structure of matter and how it responds to
heat. It’s a subject called ‘thermodynamics’.

The term ‘thermodynamics’ stems from the Greek therme meaning
‘heat’ and dynamis meaning ‘power’, which was appropriate for the
1800s when it was first used as people were concerned about how to
convert heat into power for factories and mines. Today, we say that
thermodynamics is concerned with systems involving energy transfer
in the form of heat and work. This includes applications such as solar
heating and cooling of buildings, refrigeration and air-conditioning,
and the design and construction of engines. To understand how matter
behaves when heated, we need to consider the makeup of matter in
terms of its particles.

— Describe the kinetic particle model of matter.
— Define and distinguish between thermal energy, temperature, kinetic energy,
heat and internal energy.

— Use T, = T, + 273 to convert temperature measurements between Celsius
and Kelvin.

Source: Physics 2019 v1.2 General Senior Syllabus Queensland Curriculum & Assessment Authority
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MAKES YOU WONDER

In this chapter we will be examining some aspects of — Temperature change initiates breathing when a

atoms that will help to answer questions such as: child is born, so why are delivery rooms heated?

— What is heat? People talk about ‘heat flow’, but Shouldn’t delivery rooms be cold so the reflex
what flows? works even better?

— Heat from the Sun and the cold of winter have — Why can you smell if a gas tap has been left on
always affected living conditions. What sense when you walk into a laboratory, but you cannot
is more important for survival: the ability to smell the water spilt on the bench?
feel heat and cold, the ability to see light, or the — What’s the hottest place on Earth, and what’s the
ability to hear sound? If you had to lose one, coldest? What are the maximum and minimum
which one would it be? temperatures ever recorded experimentally

— Why does sucking an ice block make you feel on Earth?
cool? How does a cold tongue cool you down? — Are heat and temperature the same thing? More

— On a very hot day at the beach, why does heat leads to a higher temperature. What do they
walking on dark sand burn your feet but white have in common?
sand is okay? — Which has more heat: a cup of coffee or a

— How can someone walk barefoot on coals at 400°C swimming pool?
but standing on a hot road at 60°C burns their feet?  _, g heat and cold flow like liquids? Heat seems to

— It is said that water molecules vibrate, but have ‘run’ from hot to cold. What do hot temperature

you ever seen the molecules vibrate? and cold temperature have in common with a

liquid?

ANBENIOIES 1.1 Heating water on a hotplate - graphing and analysing data
PRACTICAL

& ‘ <iblelel=syp=nl | 1.2 Precision and accuracy of thermometers

PRACTICAL T “
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heat

the internal
energy transferred
throughout the
heating process

energy
the capacity to do
mechanical work
(symbol: W; Sl unit:
joule; unit symbol: J)

é 1.1 Heating water on a hotplate -

YA\ )sie ;04 graphing and analysing data
V3 [\B  Go to page 476 »

Heating and cooling

KEY IDEAS
In this section, you will learn about:

+ the definition of heat and energy
+ how we feel heat.

The focus of this chapter is both the term heat and various forms of energy, such as thermal,
kinetic and internal, and its effect on matter.

Heat is energy in the process of being transferred from one place to another due to temperature
difference. Because heat, like ‘work’, is a quantity of energy being transferred between two bodies,
neither body has a definite amount of heat. Instead, they have a definite amount of energy. In the
same way, a body doesn’t have a certain amount of ‘work’. It has energy, and when it transfers this
energy we say work is being done. ‘Heat’ is not a thing — it is a process. Energy is the capacity to do
work. The higher the energy content, the greater the effect when it is transformed or transferred.

The idea of heat has developed through three different models over time. Thousands of years
ago, heat was thought to be something alive and living inside things. This was the animistic
(animal-like) view. This changed 2000 years ago with the Greek substantialist idea that heat was a
material substance (called ‘caloric’) that was lost or gained as an object was heated or cooled. Our
modern kinetic view started in the mid-1800s when heat came to be regarded as the transfer of
energy related to the movement of microscopic particles (atoms and molecules). The word ‘energy’
was given in 1852 by William Thomson (ILLord Kelvin, 1824—-1907) from Glasgow, Scotland. This
is where we are today: ‘energy’ is not a thing — it is a property of an object.

How do we ‘feel’ heat?

Steam feels hot, but ice feels cold. We have receptors (called thermoreceptors) in our skin that
tell us if something is hot or cold. The breakthrough research on this was done by New Zealand
scientist Dr Ainsley Iggo in 1959. He anaesthetised 15 cats and exposed the nerves in their legs.
By placing hot and cold metal pins on certain nerves he found that there were different receptors
for hot and for cold. The hot ones had a thin myelin sheath on the axon so the electrical signal to
the spinal cord was slow. The cold ones had a thicker sheath and the signals were faster. That’s
why you respond faster to a cold stimulus than a hot one.

CHECK YOUR LEARNING 1.1

Describe and explain 2 Explain why heat is described as a process.
1 Describe the difference between heat andenergy. 3 Describe how we feel heat.

Check your obook assess for these additional resources and more:

» Student book » Mandatory practical » Video » Weblink
questions 1.1 Heating water on a Mandatory practical Why do some people
Check your hotplate-graphing and 11 feel the cold more?
learning 1.1 analysing data

60 NEW CENTURY PHYSICS FOR QUEENSLAND UNITS 1 & 2 OXFORD UNIVERSITY PRESS



atoms

the smallest particle
of a chemical element
that can exist

potential energy
stored energy found
in the chemical bonds
and nucleus of a
substance

OXFORD UNIVERSITY PRESS

é 1.2 Precision and accuracy of
SUGGESTED thermometers
PRACTICAL Go to your obook assess »

The kinetic particle theory

of matter

KEY IDEAS
In this section, you will learn about:

+ the kinetic particle theory of matter
+ the characteristics of solids, liquids and gases as states of matter.

We take it for granted that matter is made of atoms. The earliest people to make this claim
were the Greek philosophers Leucippus and Democritus (about 2500 years ago), who
suggested that matter consisted of small, hard particles that couldn’t be cut up. They called
the particles atoms (Greek a = ‘not’, toma = ‘cut’). This idea of particles gave rise to what
we know as solids, liquid and gases — the three states of matter, sometimes called the three
‘phases’ of matter.

States of matter

Solids, liquids and gases feel different and behave differently. They can be hard, soft, runny
or invisible. They can blow like the wind, flow like a river or just sit still. An understanding of
how particles are arranged in the states of matter can help us understand their properties — in
this case, what happens when they get hot, or when hot and cold are mixed. Figure 1 shows a
simple diagram of the three states of matter. But to make sense of their properties we need to
look at each state in detail.

=T N SN,

Solid
FIGURE 1 The three states of matter.

Solids

Particles in solids are held very closely together by strong bonding forces. Microscopic

potential energy comes from separation against these attractive forces. In a solid the
particles have very little separation, so the microscopic potential energy is low. We call

it microscopic potential energy (E ) to distinguish it from the bulk, or macroscopic,

p(micro)
potential energy you would have learnt about in Year 10, when you held a ball in the air
ready to drop and time its fall. The strong bonding forces make solids very difficult

to break apart. The particles don’t move around from place to place but simply vibrate
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kinetic energy
the energy due to
the motion of an
object, including the
motion of particles in
a substance (symbol:
E,; Slunit: joule; unit
symbol: J)

particle

aminute portion

of matter, when
associated with the
kinetic model they
are mainly atoms and
molecules

in their spot. This vibration means they
have kinetic energy (also known as
microscopic kinetic energy (Ek(mim))
as well.

Liquids

Particles in liquids are quite close, but

the bonding forces between the particles are not as strong as in solids

FIGURE 2 Particlesina
solid are close together
and can’t move around.
The arrangement is
called a ‘lattice’. Solids
keep their own volume
and shape when placed
in a container.

so they can slide past one another. The energy that was used to overcome the strong bonds

of the solid phase means they have more microscopic potential energy than solids. Because

the particles can move from place to place, we say they have translational motion (Greek

trans = ‘across’, lato = ‘to carry’). This
gives them more kinetic energy. They
can also have rotational motion, which
means they can spin on their own axis.
So long as they are not monatomic
(single atoms like helium), they will
have some rotational kinetic energy

— but only a small amount. Water
(H,0) and ethanol (CH,CH,OH) are
common laboratory examples of molecules
with translational and rotational kinetic
energy.

Can you compress a liquid? The answer
is yes. You can compress liquids, even
water, or almost any material. However,
it requires a great deal of pressure to
accomplish a little compression. For that
reason, liquids and solids are sometimes
referred to as being incompressible.

Gases

Particles in gases move around very
quickly with a lot of space between them.

FIGURE 3 Particlesina
liquid are close together
and can move around.
Liquids keep their own
volume but take on the
shape of the container
they are placed in.

FIGURE 4 Wateris a
common laboratory
example of a substance
containing molecules
with translational and
rotational energy.

The particles bounce off each other. The intermolecular forces are quite weak, and the

energy used to overcome the bonds of the liquid phase means they have more microscopic

potential energy than liquids. But because
they move at high speeds and rotate, they
have considerable translational energy

as well as the existing vibrational and
rotational energy. Monatomic gases such
as helium (He) of course don’t have
rotational energy — just translational.

Energy in the states of matter

= Q

FIGURE 5 Particles in

a gas are far apart and
can easily move around.
Gases take on the
volume and shape of the
container they are in.

If you have a solid, such as ice, you can add heat energy and it changes phase to become
water. If you add more heat energy, it changes phase to become steam. That means steam has

more energy than water, which has more energy than ice.
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Kinetic theory

The kinetic molecular theory of matter accounts for the properties of matter in its three
different phases. A simple statement of the model is:

e Matter is made up of particles that are constantly moving.

As a consequence of this, we can also say:

e Matter is made up of small particles (atoms or molecules) that are in constant random
motion.

e There are large spaces between particles. The potential energy is related to the separation
distance.

— In a gas, the separation distance between particles is very large in comparison to their
size so there are no attractive or repulsive forces between them.

— In aliquid, the particles are still far apart but they are close enough that the attractive
forces pull them together.

— Ina solid, the particles are so close that the forces of attraction confine the particles to
a particular shape.

e Particles have energy. The temperature of a substance is a measure of the average kinetic
energy of the particles.

e Collisions between particles are perfectly elastic (‘elastic’ means they do not lose kinetic
energy when they collide).

TABLE 1 Summary of physical properties of states of matter

keep own volume keep own volume take volume of container
m keep own shape take shape of container take shape of container
CHECK YOUR LEARNING 1.2
Describe and explain Apply, analyse and interpret
1 Identify the main assumptions of the kinetic 3 Deduce the microscopic nature of solids and
particle model. liquids given that they can’t be compressed very
2 Explain how the kinetic energy of a substance much. It takes large forces to compress them even
changes as it goes from a solid to a liquid to a gas. slightly.
(You learnt about kinetic energy in Year 10.) 4 Derive a conclusion about the microscopic nature

of gases given that they are very compressible
compared with solids and liquids.

Check your obook assess for these additional resources and more:

» Student book » Suggested practical » Weblink » Weblink
questions 1.2 Precision Kinetic particles States of matter
Check your and accuracy of
learning 1.2 thermometers
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macroscopic
energy

big or bulk forms
of energy not at an
atomic scale

microscopic
energy

energy of the
particles that make
up a substance
including microscopic
kinetic energy

from the motion of
particles and the
microscopic potential
energy of the
chemical bonds and
nucleus

chemical energy
microscopic potential
energy contained in
the bonds within and
between particles

nuclear energy
microscopic potential
energy contained
within the nucleus of
an atom
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Temperature and kinetic energy

KEY IDEAS
In this section, you will learn about:

+ macroscopic energy and microscopic energy
+ internal energy.

As well as kinetic and potential energy, there are two more energy terms that are important. It
is essential that you know what they are and how they are different.

As mentioned before, objects can be considered to have their energy as two types:
macroscopic energy and microscopic energy. Macroscopic energy is the sort of energy
you dealt with in Year 10. If you threw a stone off a cliff, you would say that the rock has
gravitational potential energy (EP = mgh) and kinetic energy (EK = %mvz). These are
macroscopic (big or bulk) forms of energy. But we have also been talking about the energy of
the particles that make up the object. This is called its microscopic energy. The distinction
between macroscopic and microscopic energy is important.

All objects contain particles such as atoms or molecules and it is the motion of these particles
that makes up the microscopic energy of the object. This motion can be vibrational kinetic
energy, as in solids, or rotational and translational kinetic energy, as in fluids (liquids and gases).
The particles of matter also possess many forms of microscopic potential energy in the chemical
bonds (covalent, ionic and metallic) that hold particles together. This is called chemical energy.
There is also energy stored in the nucleus of the atoms. This is called nuclear energy.

- -

(a) Vibrational (b) Rotational (c) Translational

FIGURE 1 Three types of motion in molecules

7 (b} (c)

- molecules
bonded

¢ o

°

o

together
L

4—’/’0)
©

/’0}

FIGURE 2 Main types of motion in each of the three states of matter: (a) vibrational motion in a solid;
(b) translational motion in a liquid (plus some vibration and rotation); (c) translational motion in a gas (plus some
vibration and rotation). There is also the chemical bond energy and nuclear energy inside the molecules.

<— bonds allow
vibration
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Macroscopic energy

Consider a student throwing a ball (Figure 3).
What energy does the ball possess?

KE

GPE

You would say the ball has kinetic energy
(KE or E,) because of its motion from being
thrown. This is equal to %mvz, which means
that as the object’s velocity increases, its
macroscopic kinetic energy increases. There
is also gravitational potential energy (GPE or
E ) due to the ball’s height above the ground
(E, = mgh). Macroscopic energy is defined as
being due to the motion (velocity) or location
(height) of an object in a gravitational,
electromagnetic or electrostatic field.

Macroscopic energy is the sum of these two
forms of energy:

‘macro EK(macro) + EP(macro)
FIGURE 3 The energy contained in a ballin flight due
toits motion (E,) and height (E,), but note the gas

molecules shown inside the ball.

But is that all the energy the ball possesses?

Microscopic energy
(internal energy)

Let’s think about the situation if the motion of the gas particles inside the ball is considered.
These particles could be the atoms, molecules, electrons or other particles that make up
a substance. The total microscopic energy, E .

mi

«ro> 18 made up of microscopic kinetic and
microscopic potential energy.

Emicro = EK(micro) + EP(micro)
The E Kmicro) is made up of the microscopic kinetic energy due to translation, rotation and
vibrations. The E is the microscopic potential energy of the bonds between particles in

P(micro)
the substance, plus the binding of atoms by chemical bonds (£, ). These bonds are broken

and reformed during chemical reactions such as combustion. We have to also add in the

microscopic nuclear energy (£ ) contained inside the nucleus.

nucle
We can give this microscopic energy another name: internal energy.

Internal energy, U, is the total microscopic kinetic and microscopic potential energy of the
particles in a system.

Internal energy = microscopic kinetic energy + microscopic potential energy
U=E + E

K(micro) P(micro)

In thermal physics we are not concerned so much with the chemical and nuclear potential
energy as they are not considered to change in the contexts we are dealing with. The energy
in the chemical bonds and in the nucleus doesn’t change for normal heating and cooling
where no chemical reactions take place, so if we leave out these forms of energy we have
thermal energy, E, . For senior physics we use the terms ‘thermal energy’ and ‘internal
energy’ interchangeably. This is because we are not interested in the total internal energy or
total thermal energy, only a change in them.

OXFORD UNIVERSITY PRESS

internal energy
the total
(microscopic)
potential energy
and (microscopic)
kinetic energy of the
particles in a system

thermal energy
the internal energy
presentina

system due toits
temperature. It does
not include nuclear
energy (symbol: U;
unit: joule; unit
symbol: J)
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It is nearly impossible to sum up all the forces that contribute to internal energy. We can’t
measure internal energy directly, so instead we measure the change in internal energy because
this is the same as the change in thermal energy. Because the nuclear and chemical bond
energy doesn’t change for normal heating and cooling, we can say:

Change in internal energy of a system equals the change in thermal energy
AU=AE,
The exact split of internal or thermal energy into microscopic kinetic and microscopic
potential energy is outside the scope of these chapters.

In summary, the total energy of the system (the ball) is the sum of the energy of the ball
due to the macroscopic energy and microscopic energy:

E =E _ _+E .
sys ‘macro ‘micro
Esys = EK(macro) + EP(macro) + EK(micro) + EP(micro)

TABLE 1 The forms of energy that make up total (or ‘system’) energy E

sys

Macroscopic energy Microscopic energy

T e S S

Type energy due to gravity, electric  vibrational, forces between  chemical and
movement (KE) fields, magnetic  rotational, the particles in nuclear bonds
fields translational the stretched (=T
energy of bonds (.
particles

System energy, E_ v v v v v
Internal energy, U v v v
Thermal energy, E,, v v

Changes during stationary, and doesn’'t change the split between these varies, and  doesn’t change
heating and cooling is uncertain

FIGURE 4 This netball has both kinetic energy from
its motion and gravitational potential energy from its
height above the ground.

h
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You may wonder why internal energy was given the symbol U. In 1850, German physicist
Rudolf Clausius was looking for a term to describe a previously undefined quantity related to
the effect of heat on particles that was a function of velocity (v) and time (¢). The letter ‘U’
was in between and it must have seemed logical. It doesn’t stand for anything in real life.

Regarding thermal energy, we are not going to worry about macroscopic energy. We consider
the objects to be stationary, and in stationary systems there is no change in macroscopic energy.
That means the change in energy of the whole system is due purely to change in internal energy:

AE,, = AU

Thermal energy is associated with temperature. That is, more thermal energy means a
higher temperature, and vice versa.

Summary

¢ Internal energy, U, is the total microscopic kinetic energy, E Km

microscopic potential energy, E P(micro)? of the particles in a system. It does not

icro)? and

include macroscopic energy.

U=E +E

‘K(micro) 'P(micro) Study tip
e Thermal energy, E o 1S the total kinetic and potential f:nergy of thf: moving it is important to be
atoms and stretched bonds inside an object. It does not include chemical or nuclear able to summarise
potential energy in the bonds. and distinguish
between internal
Eth = EK(micro) + EP(micro, excluding bond energy) energy, thermal

energy and kinetic
e Thermal energy can also be regarded as that portion of internal energy that changes when  energy. The

the temperature of the system changes. statements provided
here are a good start.

* Kinetic energy, E,, is the energy associated with the motion of the particles in a system.

CHECK YOUR LEARNING 1.3

Describe and explain 3 Describe the difference between thermal and
1 a Identify the name given to the internal energy internal energy.
of a substance. 4 Explain how heat, thermal energy and internal

b Describe the form(s) of energy this involves. energy are related.

2 Explain the difference between macroscopic and
microscopic energy.

Check your obook assess for these additional resources and more: g
» Student book » Weblink » Weblink » Weblink

questions Temperature Macroscopic energy Microscopic energy

Check your

learning 1.3
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temperature

a measurement

of the warmth or
coldness of an object
or substance with
reference to some
standard value,

e.g. the Celsius
temperature scale

FIGURE 1 Perfume
molecules evaporate
and travel quickly as
liquid droplets and

then a gas. The hotter

they are, the faster
they travel.
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Kinetic energy and temperature

KEY IDEAS
In this section, you will learn about:

+ the relationship between kinetic energy and temperature
+ the nature of elastic collisions.

When you heat up a substance, the average kinetic energy of the particles increases (so long as
there is no phase change). For instance, if you heat 100 mL and 200 mL of water in beakers
on a hotplate, the particles get faster and faster and their kinetic energy increases. The larger
volume needs more heat to make it reach 100°C and boil than the smaller volume does. But
when the water in each beaker boils, the average kinetic energies of their molecules are the
same. We can say:

Temperature is a measure of the average kinetic energy of the particles in a system.

Heating and change in thermal energy

Recall that thermal energy is made up of kinetic and potential energy. So, if the kinetic energy
of particles in a substance increases, so does its thermal energy (and, of course, its internal
energy). Heating is the term used when some of the thermal energy is transferred from
hot objects to cold objects, as in the case of a hot spoon being placed in cool water. We can
thus define heat as the transfer of thermal energy in this heating process. A common
misconception is that heat and temperature are the same, which is not the case. In common
use it seems the same — you often hear ‘turn up the heat’ when referring to a room heater,
when ‘turn up the temperature’ is meant. Heat is the process of transferring thermal energy in
a system, whereas temperature is a property of the system.

A change in temperature is due to the addition or removal of energy from a system.

Let’s consider the motion of particles in gases some more.

OXFORD UNIVERSITY PRESS



A student at the back of the laboratory sprayed some deodorant in the air and within a few
minutes it could be smelt out the front of the lab 8 metres away. Molecules of the perfume
had travelled 8 metres in about a minute. Does that mean that molecules of perfume vapour
(gas) must have a speed of 8 metres per minute? Not necessarily — they would have taken a
zigzag path to get there or could have been transported in bulk by a breeze as well. The gas
particles actually move at something like a few hundred metres per second, but they don’t go
far before colliding with each other and the air about them. They collide about 6000 times
per second and travel a long, long distance to get to the front of the room. So, we can say that
gas particles are moving. They can vibrate, rotate and go from one place to another. In other
words, the gas particles have kinetic energy (Greek kinema = ‘motion’). As you heat up a gas,
the speed of the particles, and hence their kinetic energy, increases. This is shown by graph in
Figure 2.

SPEED DISTRIBUTION
25

LN
TR
W LN NS

0 200 400 600 800 1000 1200 1400 1600 1800 2000
SPEED (m/s)
——0°C ——500°C — 1000°C

RELATIVE NUMBER

FIGURE 2 The speed of oxygen molecules at different temperatures. The most common speed is shown by the
peak of each line. At 0°C (blue), the most common speed for oxygen is 400 m s.

It would be impossible to measure the motion of all the particles within a substance
because of the number of particles and the great variation in their speeds. Figure 2 indicates
the variation of molecular speeds of oxygen gas, O,, at various temperatures. However, at any
one moment in time there will be some molecules that are moving faster and will have more
kinetic energy, and some that are moving slower and have less kinetic energy. When these
molecules collide, they do not lose energy but tend to swap it. If a fast and a slow molecule
collide, they bounce off each other and the fast one becomes slow, and the slow one becomes
fast.

As objects gain heat and become hotter, the particles move faster. At a temperature of
500°C, the most common speed for oxygen molecules is 650 m s and at 1000°C it is 800 m s

CHALLENGE 1.4A

Air on your skin

Imagine a 1 cm square on your skin. Every second there are 10?2 ‘blows’ from air molecules.
Can you detect it? If you can't, state some reasons why you can't feel these blows. If the
blows stopped, predict what you would feel.
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Kinetic energy and temperature relationship

In the past you learnt that kinetic energy (E,) relates to the mass and speed of an object. You

learnt the formula £, = %mvz. That is, the kinetic energy is the product of the mass and

velocity squared, all divided by two. For example, a 3 kg block moving at 10 m s™ has a E,
of% x 3 x 102 = 150 joules (150 J). This is said to be the object’s macroscopic kinetic energy.
However, in this section we are concerned with the particles within the object, such as the
microscopic gas particles inside a balloon. As the temperature rises, the average speed of gas
molecules inside the balloon rises and thus the average kinetic energy of the gas rises.

We can say that kinetic energy is directly related to the temperature of the
system. Kinetic energy of gas particles is shown by the formula:

3
E = 5 kT
E . = average kinetic energy per molecule of gas (J)

k = Boltzmann’s constant (1.38 x 1072 J K1)

T = temperature in kelvin (K). To convert from Celsius (°C), simply add 273 (you will see
why later, but for now just do the conversion).

This formula implies that, at a given temperature, all gas molecules — no matter what their

mass — have the same average kinetic energy. From Year 10 you know that E, is also equal

to Lm o2 We can put these two equations together to give:

2
_3pp_1_ >
EK—ZkT—va

WORKED EXAMPLE 1.4

Calculate the average kinetic energy of the air particles in a laboratory at 22°C.
SOLUTION

The average translational kinetic energy of a molecule of a gas can be found using the
formula:

_3

E=3kT
=2 x1.38x 102 x (22 +273)
=6.1x102 J

CHALLENGE 1.4B

Adiabatic compression

Space capsules get hot when they re-enter Earth’s atmosphere. This is usually said to be
because of the friction between the metal and the air, but this is wrong! Space capsules
are heated as they plough into the atmosphere and compress the air ahead of them.
Have you ever pumped up a bicycle tyre and discovered that the pump and the tyre have
become hot? The same effect causes spacecraft and supersonic aircraft to heat up as
they compress the air at their leading edges. It is called ‘adiabatic compression’. Design an
experiment to show that the reason the object becomes hot is not air friction.
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Temperature and thermal energy

An electric kettle is quite a simple device. The longer you leave it turned on, the higher the
temperature becomes (until it boils). That seems logical. A kettle is also quicker to heat up the
less water there is in it. We could confidently say:

e the temperature increases as more thermal energy is added; or AT « thermal energy (Q)

+ the temperature increase is greater with less mass of water; or AT ﬁ.

These could be combined to say AT o %, or:
QO = mcAT

where ¢ is a constant of proportionality known as ‘specific heat capacity’ (which we will look
at more in the next chapter).

CHECK YOUR LEARNING 1.4

Describe and explain temperature of the gas would increase by a factor

1 Explain the meaning of temperature in terms of of 2, V2 or 22.

kinetic energy. Investigate, evaluate and communicate

2 Calculate whether a nitrogen atom travelling at
400 m s will take % s to travel the 100 m from one
end of the school oval to the other.

6 Propose why nitrogen doesn’t settle out near the
ceiling and oxygen near the floor given that air is
made up mostly of nitrogen and oxygen, and that

Apply, analyse and interpret nitrogen is lighter than oxygen.

7 Evaluate the claims that ‘eating ice helps you lose
weight’ and that ‘ice has negative joules’ based on
the idea that when you eat ice cubes, your body
uses up energy to melt them and warm them up to
body temperature.

3 Determine at 1200°C, the average kinetic energies of:
a argonatoms
b nitrogen molecules.

4 Deduce the temperature of neon atoms given that
the average E, was found to be 1.2 x 10720 J.

5 If you could suddenly increase the speed of every
molecule in a gas by a factor of 2, consider if the

Check your obook assess for these additional resources and more:

» Student book » Challenge » Challenge » Weblink
questions 1.4A Air on your skin 1.4B Adiabatic Thermal energy
Check your compression
learning 1.4
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Measuring temperature

KEY IDEAS
In this section, you will learn about:

+ the Celsius, Fahrenheit and Kelvin scales as measures of temperature
+ how to convert between measurement scales.

In Section 1.4 you saw that temperature is defined as a measure of the average kinetic energy
of the particles within a system. By ‘system’ we mean an isolated group of particles such as in
a balloon, an ice block or a beaker of water. The relationship is stated

as E, = %kT for gases. There is no need to memorise this formula, but the question remains:
‘How do we measure temperature and what units are used?’ People also ask, ‘Why does
Australia use Celsius for temperature, but the United States uses Fahrenheit?’

Measuring temperature requires the use of some property of a substance that changes
proportionally with increase in temperature. Most temperature-measuring instruments use
the property of expansion and contraction. In schools, the alcohol-in-glass thermometer is
most common, whereas the mercury-in-glass is quite common in industry and research.
Thermometers are calibrated to indicate the temperature. As temperature increases, the
alcohol or mercury expands up a fine tube in the glass thermometer. The markings on the
thermometer depend on the scale used (see Figure 1.)

Alcohol

- S T — — — —1 —— 2

Bulb Thread

FIGURE 1 The liquid-in-glass thermometer. This one has alcohol, with a red dye, which expands more rapidly
than the glass containing it. When the thermometer’s temperature increases, the liquid from the bulb is
forced into the narrow tube, producing a large change in the length of the column for a small change in
temperature. Sometimes mercury is used as the liquid as it is suitable over a much larger range of temperatures
(but dangerous if the thermometer is broken).

Throughout history, scientists have made up their own scales to measure temperature. Sir
Isaac Newton made up a temperature scale where the freezing point of water was 0 degrees
and normal body temperature was 12 degrees.

Cooling cannonballs

In 1780, French physicist Leclerc measured the rate of cooling of a very hot iron cannonball.
Thermometers didn’t exist, so he asked some women with soft hands to estimate the
temperature. List three advantages and three disadvantages of this method.
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Fahrenheit scale

A German physicist, Daniel Gabriel Fahrenheit (1686-1736), developed a liquid-in-glass
thermometer and a temperature scale (now known as the Fahrenheit scale) that took the

freezing point of an ice and salt mixture to be 0°F and his body temperature as 100°F. He
marked those levels on his thermometer and divided the scale into 100 parts, one for each
degree. The choices of his body temperature for 100°F and the freezing temperature of salt
water for 0°F were unfortunate. Fahrenheit’s metabolism was higher than most people, so

100°F for him resulted in 98.6°F as the body temperature for the average person.

Fahrenheit designated the freezing temperature of a brine solution made from equal parts
of ice and salt as 0°F. But that is certainly not the coldest temperature you can experience in
winter weather. It also makes the freezing point of pure water an awkward 32°F. Since ocean

water is not saturated with salt, it freezes at 28°F. What a mess. No wonder most countries got

rid of the Fahrenheit scale!

Although the Fahrenheit scale is no longer used in Australia, is still used in several other
countries such as the United States, Burma, Liberia, Bahamas, Belize, Palau and the Cayman
Islands. The Fahrenheit scale is now usually defined by two fixed points (as defined at sea

level and standard atmospheric pressure): the temperature at which water freezes into ice is
32°F, and the boiling point of water is 212°F. These defined points give the scale a separation

of 180°F.
The conversion between Fahrenheit and Celsius is:

5
T, = (T,-32) x3

Celsius scale

An easier decimal temperature scale was invented by a Swedish
astronomer, Anders Celsius (1701-1744). On the Celsius scale
(also called the centigrade scale), the freezing point of pure water
is 0°C and the boiling point is 100°C. Interestingly, Celsius
originally took the freezing point to be 100°C and boiling point
to be 0°C, but this was changed in the first year. The Celsius
scale is the main scale used in measuring body temperature

and in all scientific work (see Figure 2). It is the common scale
throughout most of the world.

Kelvin scale

The Fahrenheit and Celsius scales are relative scales — that is,
zero degrees on either scale does not mean that this is the lowest
temperature obtainable. Since temperature is a measure of the
average kinetic energy of the particles, 0°C does not mean that
all particle motion has stopped. So, at what temperature does all
motion stop? This point would be the true limit of coldness and
would produce an absolute zero temperature. William Thomson
suggested this temperature was —273.15°C.
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of water

Human body
temperature
38.5°C

—— Freezing point
of water

Fahrenheit scale
a temperature

scale that takes the
temperature at which
water freezes into

ice as 32°F, and the
boiling point of water
as 212°F

Celsius scale

a temperature scale
that takes absolute
zero as —273.15°C
and the triple point
of water (where solid,
liquid and gas exist
together) as 0.01°C

FIGURE 2 A Celsius
thermometer is
commonly used in
the laboratory and in
the home.
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absolute zero

the lowest
temperature that is
theoretically possible,
at which the motion
of particles which
constitutes heat
would be minimal. It

is zero on the Kelvin
scale

Kelvin scale

a temperature scale
that takes absolute
zero as 0K and

the triple point of
water (where solid,
liquid and gas exist
together) as 273.15K

Study tip

You might find it
easier to remember
the conversion from
kelvin to Celsius as

K=°C+273.
°c O K
100 373
40 313
0 273
-273 0
FIGURE 4

A comparison of
temperature in
degrees Celsius
and kelvin
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When a sample of gas of constant volume is heated, its pressure varies with its temperature
in degrees Celsius. This is shown in Figure 3. Extrapolation of this graph suggests that, at —
273.15°C, the pressure becomes zero and therefore all particle motion stops. This is because
pressure is caused by particles colliding with the container walls — if there is no motion, there
are no collisions and therefore no pressure. This point is called absolute zero on the Kelvin
scale of temperature. However, one degree on the Kelvin scale is equal in magnitude to one
degree on the Celsius scale.

Pressure (Pa)

//
S Temperature (C°)
-300°\\-200 -100 0 100 200 300
-273°C

FIGURE 3 The relationship between temperature and pressure, and the establishment of absolute zero

At 0 K, the kinetic energy of the particles is zero and all that is left is microscopic potential
energy. However, in terms of quantum mechanics (which is beyond what we need to know
here), there is said to be some residual potential energy in the particles. This is called ‘zero-
point energy’. It is enough to say that, at 0 K, the system is in the lowest energy state rather
than zero energy state.

Therefore, changing Celsius temperature to temperature in kelvins simply requires the
addition of 273 (to three significant figures) to the Celsius value.

kelvin temperature = Celsius temperature + 273
1.,=T,+273

Figure 4 shows a comparison between the two scales.

WORKED EXAMPLE 1.5A WORKED EXAMPLE 1.5B

Convert 50°C to kelvin. Convert 486 K to °C.
SOLUTION SOLUTION
7= I-+273 T.=T.+273
=50°C+273 486 =T.+273
=323K 486 -273=T,
T.=213°C

Which scale is best?

The Kelvin and Celsius scales are defined using absolute zero (0 K) and the triple point
of water (where solid, liquid and gas exist together, namely 273.15 K and 0.01°C) as their
operational definition for the scale. However, it is impractical to use this definition at
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temperatures that are very different from the triple point of water. Accordingly, numerous
defined points are now used, all of which are based on various thermodynamic equilibrium
states of 14 pure chemical elements and one compound (water). Most of the defined points
are based on a phase transition; specifically, the melting/freezing point of a pure chemical
element. Other defining points are the triple point of hydrogen (—259.3467°C) and the
freezing point of aluminium (660.323°C).

Fahrenheit, on the other hand, is also defined by the freezing and boiling points of
water but not extended to other points. The other benefit of Fahrenheit is that a Fahrenheit
degree is only % the size of the Celsius degree, which allows more precise communication of
measurements without resorting to fractional degrees.

In this Australian text, we will use °C and K.

TABLE 1 How to refer to each temperature scale correctly

Person’s name Daniel Gabriel Anders Celsius Lord Kelvin
Fahrenheit (William Thomson)

Name of scale the Fahrenheit scale the Celsius scale the Kelvin scale

Unit symbol °F € °K

(e.g. 42°F) (e.g. 18°C) (e.g. 301 K)
UplidecEeisiilelgl Y 42 degrees Fahrenheit 18 degrees Celsius 301 kelvin

(note the lowercase ‘k’)

CHECK YOUR LEARNING 1.5

Describe and explain Apply, analyse and interpret
1 Define temperature. 6 Deduce at what temperature °C and °F will be
2 Identify the lowest possible temperature on the the same. Explain whether a kelvin temperature
Kelvin scale. Explain why is it called ‘absolute zero’. reading could ever be the same as a °C or °F reading.
3 Calculate the following temperatures in K: Investigate, evaluate and communicate
LI GOe b SIS0 CRE 2t 7 Propose why the liquid in a thermometer rises as it
d -72°C e -300°C. B
4 Calculate the following temperatures in °C: 8 Devise a formula for converting Fahrenheit
a 50K b 278K temperatures to kelvin to use when you go to the
c 1000K d -50K. United States.

5 Identify the scale an overseas friend was using if he
said his son had a temperature of 99 degrees.

Check your obook assess for these additional resources and more:

» Student book » Challenge » Increase your » Weblink
questions 1.5 Cooling knowledge Recording
1.5 Check your cannonballs Precision and accuracy temperature
learning of alcohol in glass

thermometers
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The development of temperature

scales

KEY IDEAS
In this section, you will learn about:
+ the human endeavour behind the development of temperature scales.

For a large part of human history there has been no formal distinction between the

concepts of heat and temperature. People spoke of the degrees of hot or cold, but these
degrees were not measured — except perhaps in a very rough way as when a physician put
their hand on a patient’s forchead and diagnosed ‘fever heat’. Leclerc asked young women to
place their hands on cooling cannonballs to give him a sense of the degree of hotness.

Over the past 500 years there have been numerous temperature scales developed. Some
of these are outlined in the timeline shown. However, the development of temperature
measurement does not stop here (as you will see in the next section).

1714
1654 Daniel Gabriel Fahrenheit 1848
Ferdinando Il de” Medici, the William Thomson (an
1612 created a mercury-based o
grand duke of Tuscany, had a Irish inventor later

thermometer (based on

Santorio Santorio added strong interest in new known as Lord Kelvin)

a numerical scale to the technology. He developed the the work of Roemer], and developed the Kelvin

thermoscope. first enclosed thermometer, then developed his own scale using the concept
but it still had no scale. scale to go with it in 1724. of ‘absolute zero'.

1500

<} o ' ' 1
1701 ]

Ole Roemer, a Danish physicist,
proposed the Roemer scale for
his alcohol-based thermometer
where the freezing point of 1742
water is 7.5 degrees and the
boiling point of water is 60
degrees.

1593

Galileo Galilei is one of a
number of inventors to develop

Anders Celsius developed his
temperature scale not long after

a ‘thermoscope’. A thermoscope the development of the

helped people to identify when Fahrenheit scale, but it was not
changes in temperature were the Celsius scale as we know it
occurring, but couldn’t show today. Boiling point was 0
exact temperature degrees. degrees while freezing point

was 100 degrees.

FIGURE 1 Timeline of the development of different temperature scales
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There are two common definitions of temperature:
o Temperature is a measure of the average kinetic energy of the particles within a sample
of matter.

e Temperature is the reading on a thermometer.

So, how does a thermometer register the kinetic energy of the particles? If the
particles have zero E,, then we can say the temperature is zero (kelvin). But what of other
temperatures? The logic is simple. The theoretical basis for thermometers is the zeroth law
of thermodynamics, which is illustrated as follows. Place a thermometer in substance A and
when the substance and thermometer come to thermal equilibrium, take a reading. Then
place the same thermometer in substance B and at equilibrium take a reading. If the reading
is the same in both cases, then A and B are at the same temperature.

In simple terms, when two bodies have the same temperatures as a third body, then the
two also have temperature equal to each other.

Thermometers tell us two things:
1 whether an object has the same temperature as another object (zeroth law)
2 the direction that thermal energy will flow spontaneously (from high temperature to low)

when two objects of different temperatures are brought in contact (second law).

CHECK YOUR LEARNING 1.6

Describe and explain Kelvin - were developed in the order stated. It is
sometimes claimed that each was an improvement

1 Explain why the thermoscope would not have been
on the previous scale’.

a good way to measure temperature.
a Assess this claim by analysing how and why

Apply, analyse and interpret these scales developed over time.

2 Consider the problem with temperature b Discuss the factors that prompted the review of
measurement before scales were invented. temperature .

Investigate, evaluate and communicate 4 Discuss the problems associated with using the

Fahrenheit scale given that the United States is one
of the few countries in the world to still use it.

Y/ /N

3 Evaluate the comment: ‘The three common
temperature scales - Fahrenheit, Celsius and

= . " 5
N A

Check your obook assess for these additional resources and more: g
» Student book » Weblink » Weblink » Weblink
questions Celsius Kelvin Fahrenheit

Check your
learning 1.6
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Other types of thermometers

KEY IDEAS
In this section, you will learn about:

+ alternative methods of measuring temperature.

Even though liquid-in-glass thermometers are the most widely used, they have limitations.
This is mainly due to the liquid freezing or boiling. Alcohol-in-glass thermometers can be used
between —10°C and 110°C. Mercury-in-glass thermometers have an operating range of —40°C
to 360°C. Glass is also fragile, and mercury is toxic to humans and other living beings. Liquids
are also uneven in their expansion rate — it varies a tiny amount with temperature.

Gas thermometers

Gas thermometers rely on the expansion Lo
of gas. Since change in temperature is Lol
proportional to the change in volume of a

gas, the expansion of a gas can be calibrated

to measure temperature.

Resistance e Scale
thermometers and
thermocouples

Resistance thermometers, also known as
resistance temperature detectors (RTDs),
are sensors that utilise the properties of

—— Mercury

wires. Electric current in wires decreases

as temperature rises, so the change in
electric current of an RTD wire can be

d The RTD FIGURE 1 A constant volume gas thermometer
used to measure temperature. ¢ relies on the relationship between temperature and
wire is a pure material that has an accurate pressure.

resistance—temperature relationship (usually
platinum, nickel or copper). As RTD
components are very delicate, they often
have a protective casing.

Steel Probe

Thermocouples consist of two wires
made of different metals. The wires are made
into a loop that includes a voltmeter (see

Figure 2). One end of the wire combination Copper  Voltmeter calibrated
to read temperature

is kept at a reference temperature while
the other end is used as a probe. When
this probe is placed in a substance to

FIGURE 2 A thermocouple is a thermometer consisting
of two dissimilar metals. The difference in the
temperatures of the two ends produces a voltage. This
be measured, the voltage produced is can be calibrated to ‘read’ temperature.
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proportional to the difference in temperature
between the two ends. Thermocouples

can be used to measure temperature over

a wide range. For example, the nickel—
chromium alloy and nickel-aluminium

alloy combination has a range of —270°C to
1260°C. Even the much simpler copper and
constantan (copper-nickel alloy) combination
has a range of —270°C to 370°C.

Bimetallic strips

Bimetallic strips rely on the different
expansion rates of two different metals.
When heated, one metal expands more
than the other. This causes bending and
movement of a pointer across a scale.
Bimetallic strips have a wide working range.

Liquid crystal
thermometers

In liquid crystal thermometers, numbers
on a scale are made of different crystalline
chemicals. As temperature increases, these
chemicals change their crystalline structure,
which results in colour changes. Liquid
crystal thermometers are not very accurate.

Pyrometers

Pyrometers measure the radiation given

off by objects. The characteristic of the
radiation changes with temperature. Infrared
pyrometers can measure temperature from —
20°C to 1500°C. Body temperature is routinely
monitored in clinical settings with infrared

ear thermometers, which measure the infrared
energy emitted from the patient’s eardrum in a
calibrated length of time. A short tube with

a protective sleeve is inserted into the ear,

and a shutter is opened to allow radiation from
the tympanic membrane to fall on an infrared
detector for 0.1 to 0.3 seconds. The device
beeps when data collection is completed, and a
readout of temperature is produced on a liquid
crystal display.

OXFORD UNIVERSITY PRESS

A bimetallic strip thermometer

Brass

Hot

FIGURE 3 A bimetallic strip thermometer. The difference
in expansion rates between the two different metals
causes a pointer to move across a scale.

FIGURE 4 Liquid crystal thermometers are good for
measuring body temperature. Each of the six squares
on this plastic (liquid crystal) thermometer contains

a film of a different heat-sensitive liquid crystal
material. Below 35°C, all six squares are black. At 35°C,
the first liquid crystal square changes colour. As the
temperature rises, further crystals change colour.

FIGURE 5 Aninfrared pyrometer allows you to measure
temperature without making physical contact. Normal
skin temperature varies between 33°C and 37°C.
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Thermistors

Thermistors are semiconductor devices that change their resistance with change in
temperature. When these devices are heated, their resistance decreases and more current
flows. The current is measured on an ammeter, which is calibrated to read temperature.

FIGURE 6 Three thermistors attached to a heated FIGURE 7 A stainless-steel temperature probe (as
metal rod with rubber bands. Students were logging used in a science class) consists of a thermistor
the temperature changes in the rod using an Arduino attached to a stainless-steel rod. It is being used here
and thermistors. They could also have used a to measure the rate of cooling of water in an insulated
pyrometer (as in Figure 5). can. Note the two graph lines on the screen.
CHECK YOUR LEARNING 1.7
Describe and explain TABLE 1 Effects of low body temperature

1 Identify and describe two methods of measuring Body temperature (°C)

heat that do not involve a liquid-in-glass 370+1 normal
thermometer. L
. . 35 shivering
2 Summarise why might someone choose to not use
a liquid-in-glass thermometer.
Apply, analyse and interpret
3 Table 1 shows the effects of low body temperature.
Death can be defined as a failure to revive on
rewarming above 32°C. When people freeze to 26  appears dead
death in cold water, it has been reported that they
do not seem to be in pain as they die. They often
seem relaxed. Deduce why there might be an
absence of pain.

34  slurred speech
33 hallucinations

32  shivering stops
30 unconsciousness

Check your obook assess for these additional resources and more:

» Student book » Weblink » Weblink » Weblink
questions Thermometers Thermometers and Thermometers and
Check your the environment medicine
learning 1.7
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thermal
expansion

the tendency of
matter to change
in shape, area, and
volume in response
toachangein
temperature
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Thermal expansion

KEY IDEAS
In this section, you will learn about:

+ thermal expansion
+ expansion of gases, solids and liquids.

One of the consequences of heating a substance is that it expands. You saw this with the
liquid in the stem of a thermometer. Thermal expansion is due to the increased speed of
the particles, or the increased vibrations within and between the particles themselves.

This can easily be shown for each of the three common states of matter: solids, liquids
and gases.

Expansion of gases

Consider a conical flask with a balloon over the opening. When heated, the increased speed
of the gas molecules means they have a bigger impact on the walls of the flask. The flask is
rigid, so it can’t move when the molecules strike — the molecules just bounce off. However, the
rubber balloon at the top of the flask can stretch. If we apply a force, the rubber will stretch
and grow larger. The impact from the molecules on the rubber applies such a force, and will
be greater than the force of the atmosphere pushing back, so the balloon moves outwards.

The effects of heat on gases are easy to understand because of the limited effect
particles of the gas have on one another (except in collisions). The addition of thermal
energy affects the particles of the gas by making them move faster, and thus expanding
the gas or increasing its pressure on its container. Does heating have the same effect on
the particles of liquids and solids?

Expansion of solids

Think about the following questions:
e Why do trains make the ‘clickety—clack’ sound when moving over railway lines?

e If you heat a steel ruler with a small hole in one end, does the hole get bigger or smaller?

With very few exceptions, all solids expand when they are heated and contract when they
are cooled. What is the underlying cause of thermal expansion? Remember that an increase in
temperature is a result of an increase in the Kinetic energy of the individual atoms. In a solid,
although the atoms or molecules are closely packed together (unlike in a gas), their kinetic
energy (in the form of small, rapid vibrations) pushes neighbouring atoms or molecules apart
from each other. This neighbour-to-neighbour pushing results in a slightly greater distance
(on average) between neighbours, and adds up to a larger size for the whole body. For most
substances under ordinary conditions there is no preferred direction, and an increase in
temperature will increase the solid’s size by a certain fraction in each dimension. In older
train tracks, expansion gaps of about 10 mm had to be left for the steel rail to expand into.
These gaps are responsible for the clickety clack noises of older trains.

The reverse of heating is cooling, and cooling causes contraction. For example, cooling a
15.000 m length of aluminium from 60°C to 20°C will cause it to contract by 9 mm.
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Heat expansion may not seem very much, but if the length is big enough and the
temperature rise large enough, the expansion will be noticeable. For example, in the early
1800s, steam had just been introduced to power the factories. Steam pipes in the cotton
mills were often over 130 m long. With temperature rises from a cold 10°C to 400°C, the
increase in length was such that a carpenter’s ruler could be used to measure it.

FIGURE 2 Thermal expansion joints, such as these in
. = e the Auckland Harbour Bridge in New Zealand, allow
FIGURE 1 Expansion gap left between the old railway lines bridges to change length without buckling.

2e ] y, e M

Volume expansion

A solid has three length measurements: length, width and height. All three directions expand
or contract, therefore the volume of a solid changes with temperature change. This can be an
advantage as well as a disadvantage in everyday life.

e Gear wheels are fitted to axles using cold shrinking. The axle is cooled in liquid nitrogen and
it contracts, which allows the gear wheel to fit on easily. When the axle warms up to normal
temperature, it makes a very tight fit. Cold shrinking has the advantage that it won’t warp or
discolour the metals, or change its crystal composition and hence its properties.

e Telephone and electrical cables are hung loosely between poles to allow for contraction in
cold weather conditions.

¢ Bimetallic strips that consist of two dissimilar metals of equal length are used in fire
alarms (see Figure 3).

Bimetallic strip Brass Power
supply

nJ
Steel ‘J?' Contacts

Cold steet P! =/
Brass
Brass Bimetallic
6 6 6 6 strip
Hot
Steel

FIGURE 3 Bimetallic strip used in a fire alarm
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* Bridges and rail lines have expansion gaps that allow for expansion in hot conditions to
stop buckling.

e Large buildings and concrete paths often have rubber expansion gaps that allow for the
expansion of the concrete, to stop cracking.

* Fillings in teeth and the teeth themselves need to have similar coefficients of expansion.
A mismatch may result in microleakage and wear problems.

e Crown glass shatters when you pour boiling water into it, but pyrex does not.

e In aircraft manufacture, rivets are often cooled in dry ice before insertion and then
allowed to expand to a tight fit.

* Pipes in refineries often include an expansion loop so that the pipe will not buckle as the
temperature rises.

Expansion of liquids

A very common device making use of the expansion of liquids is a thermometer.

As the temperature increases, the mercury or alcohol in the thermometer increases in
volume and moves up the fine tube. Another example of the expansion of liquids is the
explosion of a bottle filled with liquid when it is left in the hot sunlight.

When should you buy petrol?

100°C

50°C

20°C

0°C

100°C

50°C

40°C

0°C

Bulb of mercury

FIGURE 4 Expansion
of mercuryina

Differences in the thermal expansion of materials can lead to interesting effects at the thermometer.

service station. Are you better off buying petrol from the service station on a hot day or a

cold day? You would think that on a hot day the petrol has expanded and there would be

fewer molecules in a litre. What do you think?

CHECK YOUR LEARNING 1.8

Describe and explain Apply, analyse and interpret

1 Describe the two essential properties of a liquid 2 Consider why houses with steel roofs on a timber
used in a thermometer. frame will creak when a cloud passes overhead on

a hot summer’s day, Provide quantitative data to

support your claim.

Check your obook assess for these additional resources and more:

» Student book » Challenge » Video » Video worksheet
questions 1.8 When should you Thermal expansion of Thermal expansion of
Check your buy petrol? metals metals
learning 1.8
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Review

Summary

Heat is energy in the process of being transferred from one place to another due to the
temperature difference. It can be defined as the transfer of thermal energy.

The kinetic particle model of matter suggests that matter is made up of particles that
are constantly moving.

States of matter include solids, liquids and gases.

Objects can be considered to have their energy as two types: macroscopic energy and
microscopic energy.

Internal energy, U, is the total microscopic kinetic and microscopic potential energy of
the particles in a system.

Change in internal energy of a system equals the change in thermal energy.
Temperature is a measure of the average kinetic energy of the particles in a system.
Kinetic energy is directly related to the temperature of the system.

Heating a substance causes it to expand due to the increased speed of the particles or
the increased vibrations within and between the particles themselves.

Key terms

o absolute zero o kinetic energy

e atom e macroscopic energy
o Celsius scale e microscopic energy
o chemical energy e nuclear energy

e energy e particle

e Fahrenheit scale e potential energy

e heat e temperature

e internal energy e thermal energy

o Kelvinscale e thermal expansion

Key formulas

Converting kelvin to degrees Kelvin temperature = Celsius temperature + 273
Celsius T.=T.+273
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Revision questions

The relative difficulty of these questions is indicated
by the number of stars beside each question number:
* = low; 4 = medium; x** = high.

Multiple-choice

1 Which of the following statements about the
kinetic theory of gases is NOT true:

A Allmolecules move with the same speed.

B Their average kinetic energy is directly
proportional to the absolute temperature.

C Allmolecules make elastic collisions with
each other and the walls of the container.

D The molecules travelin straight lines until
they collide.

2 When one end of a cold metal spoon is placed
upright in a cup of hot coffee, the other end
gets hotter. Which one of the following best
describes what is happening?

A Warmer molecules will rise to the top.
B The hot molecules produce thermal radiation

that is then absorbed by the colder molecules.

C Higher-energy molecules hit lower-energy
molecules, increasing their speed and
therefore their temperature.

D Lower-energy molecules hit higher-energy
molecules and the friction increases their
temperature.

3 Three sealed flasks each containing 1 g of
water, ice, and water vapour are at the same
temperature. Which of the following is true
about the internal energy of the substances?

A Uwater > Uice > Uvapour
B Uwater =U ice = Uvapour
c Uwater < Uice < uvapour
D U __<U <U

ice water vapour

4 A sealed container of air is kept at a constant

temperature. What will happen to the speed

of the molecules of air in the container as time

passes?

A The molecules will all reach the same speed.

B Some molecules will speed up and others
will slow down, but the average speed will be
constant.

C The molecules will slow down.

D There will be no change.

5 Ascientistis feeling sick and knows that if her
temperature is a degree or more above 37.5°C
she should go home from work. But all she has
is @ thermometer graduated in kelvin. What
temperature does the thermometer need to
show?

A 1945K

B 310.5K C 311.5K

Short answer
Describe and explain

* 6 Define temperature, energy and heat.

* 7 Describe three differences between solids,
liquids and gases.

* 8 Identify the key phrase from each of the main
points of the kinetic theory.

*9 You can compress gases easily but not solids.
Can you partially compress liquids? Explain.

* 10 Describe an elastic collision and explain how it
pertains to gases.

* 11 Explain why you can smellif a gas tap has been
left on when you walk into a laboratory, but you
cannot smell the water spilt on the front bench.

* 12 Explain why it is good to have a common
temperature scale around the world.

* 13 Describe how allowances are made for the
expansion of concrete paths, and explain why

it works.
* 14 Calculate the following Celsius temperatures
in kelvin:
a 290°C b -25C c 59.2°C
* 15 Calculate the following temperatures in °C:
a 150K b 378K
c 6000K d -10K

* 16 Calculate the following kelvin temperatures in °C:
a 69K b 1376K c 345.6K

** 17 Identify the limitations of a model for gas
behaviour that uses a box full of bees.

** 18 Explain the main assumptions we make about
gases regarding their collisions.

*#* 19 A 1.00 cm cube of brass was weighed at 20°C
and it was found to have a mass of 8.73 g. This
gave a density of 8.73 g/cm?. The cube was then
heated to 120°C. The linear expansion value for
brass is 19 ym per °C for every 1.0 m of length.
Calculate:

OXFORD UNIVERSITY PRESS
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a thenew length of each side
b thenew volume
¢ thedensity at 120 °C.

20 Explain which one of the graphs in Figure 1
best shows the relationship between kinetic
energy of a gas molecule and its temperature
(horizontal axis).

0 0 0 0
FIGURE 1

Apply, analyse and interpret

21 Determine the following temperatures in K:
a 30°C b -120°C c 550°C
d -92°C e -200°C

22 Deduce two reasons why a mercury-in-glass
thermometer could not be used to measure the
temperature of a pottery kiln when in use.

23 Compare to decide which is better: a
thermocouple or an alcohol-in-glass
thermometer.

24 Compare the thermal energy of a swimming
pool at 30°C and a cup of coffee at 90°C.

25 Clarify if heat and temperature are the same
thing by giving an example of two objects that
could contain the same heat (thermal) energy
but at different temperatures.

26 Judge the temperatures of the thermometers in
Figure 2 to the nearest half-scale division.

i

FIGURE 2

27 Consider in terms of the particle model why
metals expand when heated.

28 Consider why some metals expand more than
others - for instance, steel expands more than
brass for the same temperature rise.

29 Deduce whether the claim that ‘liquids expand
when heated, except for water, which shrinks’ is
true.

30 Using kinetic theory, consider why;, if you run hot
water over a tight metal lid on a glass jar before
trying to open it, it can be easier to open.

31 Consider why some materials shrink with
increasing temperature, given that liquids and
solids expand with increasing temperature as
the kinetic energy of the substance’s atoms and
molecules increases.

32 A 100.00 m long steel water pipe was laid in the
ground on a day when the temperature was
25°C. A 1 mlong rod of steel is known to change
length by 10 micrometres for every 1°C change
in temperature. Determine its new length if the
ground temperature fell to -15°C.

33 The Statue of Liberty is made of a steel
frame 46.00 m high. It experiences January
temperatures as low as —5°C and once had a
July summer temperature of 45°C. Determine
the difference in height between the two
extremes. You know that 1.0 m of steel expands
by 10 um per 1°C rise in temperature.

34 Suppose a metre ruler made of steel (of thermal
expansion of 10 x 10-° K) and one made of invar
(an alloy of iron and nickel with a coefficient
of thermal expansion of 1.3 x 10 K?) are the
same length at 0°C. Determine the difference
in length between them at 22.0°C. (Steel has a
coefficient of linear expansion of 10 x 107 K).

35 Determine the fallacy in this claim: an
advertisement for insulation said it would reduce
roof temperatures from 60°C to 30°C, and that’s
a 50% reduction’.

36 Deduce whether this statement is true or false:
‘When you double the kelvin temperature of
a gas, you double the average speed of the
molecules’

37 There is a device inside many older lasers
consisting of a ruby rod 30.00 cm long. The
working temperature of the rod can get as high
as 55°C.

a Calculate the increase in length for the
30.00 cm rod of ruby when it heats from
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15°C to 55°C. A 1.00 mrod of ruby increases
in length by 9.0 um for each 1°Crise in
temperature.

b Determine how many wavelengths of blue
laser light this increase in length is equal to,
given the wavelength of blue laser light is
473 nm. Note: nano (n) = 10-°.

*** 38 Overhead power wires out on the street are
made of aluminium and strung between poles
35.0 m apart. In mid-winter a particular wire
contracted because of the cold and had no sag.
In summer, when the temperature was really
hot, the wire increased in length by 33.3 mm.
Determine how much the centre of the wire
sagged from the horizontal. Make whatever
assumptions you need.

Investigate, evaluate and communicate

* 39 Explore whether heating water from 20°C to
40°C really doubles the temperature.

* 40 ‘You can’t see water molecules vibrate, but if
you added food colouring you could.’” Assess if
this is true or false.

* 41 Evaluate the statement that heat and cold flow
like liquids because heat seems to ‘run’ from hot
to cold.

* 42 Assess whether you can say coldness flows
from the ice to the water when you put anice
cube in water.

* 43 To make a metal peg fit tightly ina hole ina
metal block, the peg is made slightly larger
than the hole. The peg is then cooled down and
placed in the block. Propose a reason for this
process. Why not just heat up the block instead?

** 44 Devise a graph, using a spreadsheet, showing
the relationship between Kelvin and Celsius
temperatures. Place degrees Celsius on the
horizontal axis. Write the equation for the line in
the formy=mx +c.

** 45 Predict what will happen when a trimetallic strip
of metal, prepared using three metals, as shown

in Figure 3, is heated. The coefficient of linear
expansion value for brass is 19 x 10° K, and
forironis 12 x 107 K?, and for copper is

17 x 108 K, which means brass expands more
than iron for the same temperature increase.

FIGURE 3

** 46 Assess the questions below based on the fact
that water expands by about 10% when it
freezes and produces sharp ice crystals.

a Why is it that a quarter of biological cells burst
when animal or plant material is frozen?

b What are the implications of this cell damage
in relation to preserving human bodies by
freezing so that they can be thawed at
some future date when it is hoped that all
diseases are curable?

** 47 Propose what salt (NaCl) must do to the force
of attraction between water molecules given
that salty water heats up quicker than an equal
mass of distilled water when the same amount
of heat energy is added to both.

** 48 A 100.00 m long steel water pipe was laid in the
ground on a day when the temperature was
25°C. Determine by what length it would have
contracted if the ground temperature fell to
-15°C.

** 49 You have two steel metre rulers: one made of
carbon-steel and one made of nickel-steel. In
the laboratory at 20°C they have exactly the
same length of 1.000 m. They are both heated
over Bunsen burners to 800°C. Determine
how their lengths would compare if you could
measure them without burning your fingers. A
1.0 m length of carbon-steel expands by 11 pm
for each 1°C increase in temperature, whereas
nickel-steel increases by just 1.3 pm.

Check your obook assess for these additional resources and more:

» Student book » Revision notes
questions Chapter 1
Chapter 1 revision
questions

OXFORD UNIVERSITY PRESS

» assess quiz » Flashcard glossary

Auto-correcting Chapter 1
multiple choice quiz
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Specific heat
capacity and
calorimetry

Years ago, heat was once thought to be an invisible fluid, known as
caloric. Bodies were capable of holding a certain amount of this fluid,
hence the term heat capacity. Since the development of thermodynamics
in the 1800s, scientists no longer consider heat to be a fluid, but rather

a transfer of disordered energy. However, the term ‘heat capacity’
survives.

— Explain that a change in temperature is due to the addition or removal of energy
from a system (without phase change).

— Define specific heat capacity and the concept of proportionality.

— Interpret tabulated and graphical data of heat added to a substance and its
subsequent temperature change (without phase change).

— Solve problems involving specific heat capacity.

— Explain why the temperature of the system remains the same during the process of
state change; explain it in terms of the internal energy of a system and the kinetic
particle model of matter.

— Define specific latent heat.
— Solve problems involving specific latent heat.

— Define thermal equilibrium in terms of temperature and the average kinetic energy
of the particles in each of the systems.

— Explain the process in which thermal energy is transferred between two systems
until thermal equilibrium is achieved, and recognise this as the zeroth law of
thermodynamics.

— Solve problems involving specific heat capacity and specific latent heat, and thermal
equilibrium.

Source: Physics 2019 v1.2 General Senior Syllabus Queensland Curriculum &
Assessment Authority

-
%
> -
%
-~ - - E . -
- y 3 : > .
. % = % "
- 5 v 4 -
= s p - "‘ < -
g : % 3 T =
- - re - -
idersiwebs as a result of temperature change = "
< -4 o
-~ s - %
. - -
= .. . -
- . = -
= . OXFORD UNIVERSITY PRESS
;'_ - - .-‘ -
.- , »
: 1.4 . - -
- s - 3 - o~



-‘J“““

In this chapter we will be examining ideas that will equilibrium in the liquid, solid (ice), and gaseous
(water vapour) states. How can that be? Doesn’t
ice melt at 0°C and water boil at 100°C?

help to answer questions such as:
— Why do you feel colder when you are wearing wet
— Can you have water at 100°C and steam at 100°C

%
- -/E—~ A clothes?
'- ; — When you put an ice cube in water, can you say at the same time?
: coldness flows from the ice to the water? — Evaporation and boiling are both processes for
> — Why does steam burn you more than boiling turning liquid into a gas. Are they the same thing
- . . .
- water when they are both at 100°C? or is there something different about them?
2 .
w — The triple point for water is the temperature — Is heating water from 20°C to 40°C really \'.-‘
- (0.01°C) and pressure at which water can exist in doubling the temperature? 4
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thermal
equilibrium

the situation when
there is no net
exchange of thermal
energy between
any components of
asystem,i.e. the
components have the
same temperature
and the average
kinetic energy of the
particles is equal

zeroth law of
thermodynamics
if two bodies are in
thermal equilibrium
with a third body,
they are in thermal
equilibrium with each
other

Brass Iron

FIGURE 1 Three blocks reach thermal equilibrium

Aluminium
el =

Thermal equilibrium

KEY IDEAS
In this section, you will learn about:

+ thermal equilibrium
+ the zeroth law of thermodynamics.

What happens when three metal blocks of different temperatures are placed in contact?
Thermal energy transfers through the blocks until they reach thermal equilibrium (Greek
aequi meaning ‘equal’, /ibra meaning ‘balance’).

Thermal equilibrium is the condition when two substances in physical contact with each
other exchange no heat energy. Two substances in thermal equilibrium are said to be at the
same temperature.

In Figure 1, the three blocks start at temperatures of 60°C, 50°C and 100°C (from
left to right as shown), but soon all end up at 78°C. Note that the brass and aluminium
are both in thermal equilibrium with the third block (iron), so we can say that brass and
aluminium must be in thermal equilibrium with each other. We call this the zeroth law of
thermodynamics.

Zeroth law of thermodynamics

The zeroth law of thermodynamics was first proposed by R. H. Fowler in 1931. It was
called ‘zeroth’ because logically it should have preceded the first and second laws of
thermodynamics, but was proposed after them.

. The zeroth law of thermodynamics states that if
Aluminium

Brass Iron
' " =

two bodies are in thermal equilibrium with a
third body, they are in thermal equilibrium with
each other.

This is the basis on which thermometers
work. From the zeroth law we can say that two
bodies (A and B) are in thermal equilibrium
if they have the same temperature reading on
a thermometer (C), even if A and B are not in
contact with each other.

CHECK YOUR LEARNING 2.1

Describe and explain

1 Describe thermal equilibrium.

2 Explain the zeroth law of thermodynamics.

Check your obook assess for these additional resources and more:

» Student book
questions
Check your
learning 2.1
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» Weblink
Temperature of metals

» Weblink
Thermal equilibrium

» Weblink

Laws of
thermodynamics
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specific heat
capacity

the thermal energy
required to raise the
temperature of 1 kg
of a substance by 1°C

OXFORD UNIVERSITY PRESS

Temperature and specific heat

capacity

KEY IDEAS
In this section, you will learn about:
+ specific heat capacity and its formula.

Have you ever eaten a toasted cheese and
tomato sandwich and noticed that the tomato
is boiling hot and burns your mouth, but the
cheese and the toast don’t? Over 200 years
ago, physicist Benjamin Thompson (Count
Rumford) complained about the same

thing with his hot apple pie. The liquid
burnt his mouth, but the crust was okay to
eat. It started him thinking that it points

to something about the way different

FIGURE 1 Toasted cheese and tomato sandwich. Why substances behave when they are heated up.

does the tomato burn your mouth but not the bread? This is th £ th d .
They are both at the same temperature. 1s 1s the essence of thermodynamics.

Why do different substances heat up at
different rates?

Identical beakers with the same volume of water heat at the same rate. But what if we
changed the water for oil or a hydrocarbon such as petrol or cyclohexane — would they still
heat up the same way? As you add thermal energy to a substance, it makes the molecules
move faster and allows them to break away from one another and move around. If the
bonds between molecules are strong, then it will take more thermal energy to achieve the
same temperature rise (that is, the same increase in kinetic energy). Water molecules have
hydrogen bonds between molecules and so water should resist temperature increase more
than cyclohexane, which has no hydrogen bonds between molecules.

Specific heat capacity

Because of the great variation in molecular structure and bonds that exist between atoms

in different substances, energy put into different substances does not result in the same
temperature rises. For example, when walking along a beach on a hot day, the sand is a lot
hotter than the grass or puddles of water. This is because sand only requires 880 J of thermal
energy from the Sun to raise 1 kg by 1°C. Sea water requires 3900 J and fresh water requires
4180 ] for 1 kg to rise by 1°C. This property is called the specific heat capacity, ¢, of the
substance. Specific heat capacity is the amount of thermal energy transfer (heat) required to
raise the temperature of 1 kg of a substance by 1°C.

CHAPTER 2 SPECIFIC HEAT CAPACITY AND CALORIMETRY 91



TABLE 1 Specific heat capacity of some common We could also say ‘by 1 K’ as a change of 1°C is equivalent to a

substances

Substance

Gold

Lead

Mercury

Brass

Copper

Iron and steel
Glass

Sodium chloride
Sand

Aluminium

Wood

Water (gas) — steam
Water (solid) - ice*
Acetone

Paraffin

Honey

Alcohol
Methylated spirits
Water (liquid)

*Note: the specific heat capacity of ice varies
with temperature. It is only approximately

Specific heat

capacity,
c(Jkg'K?) involved. Heating water from 98°C to 99°C is very different from

change of 1 K. The term ‘specific’ means it is expressed in relation
to a given amount of substance — in this case, 1 kg. Note that this
only applies if there is no melting or vaporisation (no phase change)

129 heating it from 99.5°C to 100.5°C, as a phase change will then have
occurred. You will see later that phase changes require energy,

130
140 although there will be no temperature change. The specific heat
380 capacity of some common substances is given in Table 1.

390 Why do ice and liquid water have different

460 gpecific heat capacities?

664 . . . .
When ice is heated, the kinetic energy of its molecules increases. Ice

St just has one mode of movement — vibration. So as ice heats up, the
880 vibrations increase. However, as liquid water is heated, the molecules
900 can use the added energy to increase their vibration as well as
1700 rotation and translation. Liquid water has more modes of movement
2100 to use up added heat energy than ice does. Hence, ice rises in
2050 temperature faster than water for the same amount of added energy.
2150 That is, it takes on average 2050 J to raise the temperature of 1 kg of
2200 ice by 1°C, whereas it takes 4180 J to warm the same amount of liquid
2370 water by the same amount (1°C).
2450 = :
e, OPecific heat capacity formula
4180 The equation to determine the specific heat capacity of a substance is:

QO = mcAT, where Q is the change in thermal energy (in J), m is the
mass of the object (in kg), ¢ is the specific heat capacity (in J kg™

2100 J kg K. At 0°C it is 2050 J kg™t K, and K1), and AT is the change in temperature. You must express A7 as

at -100°C it is just 1389 J kgt K. Y}W =T, .- Weuse Q as the symbol for ‘quantity’ of thermal energy.

Study tip

If AT is negative, then
this is the quantity of
thermal energy given
off by an object.

If you also study
chemistry, you may
find the unit of grams
is preferred and the
specific heat capacity
is divided by 1000. For
example, the specific
heat capacity of
water can be written
as 4200 JkgtKtor
42 gt KL,

Study tip

More worked
examples can be
found on your obook
assess.

WORKED EXAMPLE 2.2A WORKED EXAMPLE 2.2B

How much thermal energy is required to heat How much heat energy is required to
the following items from 30°C to 120°C? bring a saucepan containing 500 mL
a 2.0kgsteel barbeque plate of water at 20°C to boiling point?
b $2 coin of mass 6.6 g (specific heat (1 L of water has a mass of 1 kg)
capacity =380 J kg™ K1) SOLUTION
SOLUTION Q=mcAT
a Q=mcAT =0.500 x 4180 x (100 - 20)
= 2.0 x 460 x (120 - 30) = L5710
=82800 J =1.7 x10°J (2 sf)
=83000 J(2 sf)
b Q=mcAT
=28 380 x (120 - 30)
=226
=230J(2sf)

(Note: to convert g to kg, divide by 1000.)
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db 2.2 Specific heat of a metal - by
calorimetry
Go to page 478 »

MANDATORY
PRACTICAL

Testing oil temperature
For a demonstration to introduce specific heat capacity

to a Year 11 physics class, equal masses of water and
oil were added to separate beakers and placed on a

CHECK YOUR LEARNING 2.2

Describe and explain

1 Calculate the thermal energy, Q, absorbed when
1.5 kg of paraffin is raised from 15°C to 50°C.

Apply, analyse and interpret

2 Determine how much thermal energy could be
absorbed by a 3.0 kg block of ice at -10°C before it
reaches its melting point.

3 Aliquidis heated in a beaker. If it takes 7500 J of
thermal energy to increase the temperature of
500 g of the liquid by 6.0°C, determine what the
liquid could be.

4 Table 2 shows the variation in specific heat capacity
of ice with temperature.

hotplate. After 2 minutes, the water temperature was
measured as 60°C. Would the oil be at a higher or lower
temperature?

Temperature change vs transmission

20 |

.  al

Temperature change, AT (°C)
N
ol

0 10 20 30 40 50 60 70 80 90 100
Transmission (%)

FIGURE 2 Temperature change of cans

a Explainif the relationship between AT and %
transmission is linear.

a Determine if there is a relationship between the b
variables.

Students hypothesised that the relationship
was AT = k x\[(% transmission) + c, so they
plotted the graph shown in Figure 3. Consider
whether this graph confirms their suggestion.

b Deduce why the specific heat capacity of ice is
lower than for liquid water.

Table 2
IGIPECICEGON 173 193 213 233 253 273 Temperature change vs Ntransmission
Specific heat 1389 1536 1681 1818 1943 2050 40

capacity | —.
]
J kgt K?! 30
( g ) 25 / /./
5 Students were testing the ability of shade cloth A

to shield water from the Sun’s heat. They took five
metal cans, placed 10.0 mL of tap water in each,
and wrapped them in different types of shade
cloth ranging from 10% transmission (which lets 0
10% of the rays through) to 90% transmission.

The students put the cans in direct sunlight and
measured the temperature change after 1 hour. The
results are shown in Figure 2.

Temperature change, AT (°C)
N
o

8 4 5 [ 7 8 9 10
Transmission (V%)
FIGURE 3 Relationship between
AT = k x1[(% transmission) + ¢ % transmission and

temperature change

Check your obook assess for these additional resources and more:
» Student book

» Mandatory practical » Challenge » Increase your

questions 2.2 Specific heat of a 2.2 Testing oil knowledge
Check your metal by calorimetry temperature Worked examples
learning 2.2
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KEY IDEAS
In this section, you will learn about:
+ calorimetry.

calorimetry One process that makes use of energy conservation ideas is calorimetry. The word comes

the science of
measuring the

from Latin calor meaning ‘heat’, but originally from the Sanskrit carad meaning ‘harvest’

amount of heat (which is literally ‘hot time’). The metry means ‘to measure’, so calorimetry is about

transferred between measuring heat.
objectsorina
chemical reaction

Thermal energy transfer

Solid + solid

(b)

Thermal equilibrium

FIGURE 1 (a) Two small cubes of copper at different
temperatures are placed in contact. (b) There is a
transfer of thermal energy (heat), from hot to cold,
until thermal equilibrium is reached (b).

The simplest case of thermal energy transfer involves two metals in
contact with each other.

If two substances of different temperatures are placed in contact,
they gradually come to the same temperature. The thermal energy
transferred (‘lost”) out of the hot object in the exchange is equal in
size to the thermal energy ‘gained’ by the other. We are assuming
this is a closed system — one where no energy can escape to the
surroundings. In simple words, the heat lost equals the heat gained.

However, it is better to state this in terms of the conservation of
energy. There is no change to the total thermal energy of the system
— it has just been redistributed. The sum of heat energy lost and heat
energy gained equals zero (0) — they cancel out. Once they reach the
(same) final temperature, they are said to be in thermal equilibrium.

conservation of There is an equal balance of average kinetic energies so that no thermal energy transfers
energy between the two blocks in the system.

the total energy of . o

anisolated system For systems in thermal equilibrium:

remains constant o

no heat flows between the objects

e the average kinetic energy of the particles is the same.

Therefore:

e the respective temperatures of the objects are also the same.

(a) (b)

18000 J 18000 J

Let’s revisit the two copper blocks in contact.
Imagine the hotter block has a total thermal energy of
10 000 J and the cooler block has a thermal energy of
8000 J (see Figure 2). If 1000 J is transferred from the
hot block to the cold block, then they finish up with
9000 J each. The hot block has lost 1000 J (-=1000 J),
and the cool block has gained 1000 J (+1000 J). The
net change in thermal energy is (-1000 J) + (+1000 ])
= 0]. Energy is conserved — it is the same as it was at

Heat lost = -1000 J

Heat gained = +1000 J

FIGURE 2 The total thermal energy of the system remains the same  the start.
at 18 000 J. The heat lost (1000 J) plus the heat gained (+1000 J)

adds to zero. That is, the net energy difference is zero.
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Mathematically, for systems coming to thermal equilibrium, we can state this relationship:
Heat lost by one substance + heat gained by the other substance = 0
Qlost + anined =0

Q,+09,=0

-0, =0,

using the relationship Q = mcAT, —mcAT (lost from the hot block) = mcAT (gained by the
cold block) — (mhm block Ccoppcr( 7;' - T1)) = M 1d block Ccoppcr( Tf - T1)
Note that temperature change, AT, is always written as 7} — T;. For the ‘heat lost’ side

of the equation, this would give a negative number for Tf— T as the initial temperature is
always greater than the final temperature for the substance losing heat. The ‘heat gained’ side
remains positive for AT.

This principle is an extension of the law of conservation of energy — energy is not lost

or gained, just transferred or transformed. In thermodynamics, it is called the first law
of thermodynamics.

In practice, there is always some heat lost unless insulation is ideal. However, heat losses to

the surroundings can be minimised if experiments are carried out quickly.

WORKED EXAMPLE 2.3A

A 70.0 g copper block at a temperature of 80.0°C is placed in contact with another copper
block of the same mass at a temperature of 20.0°C. Calculate the final temperature when
the blocks have reached thermal equilibrium.

SOLUTION

QT A R e—— ()
-(0.070 x 390 x (T.-80.0)) =0.070 x 390 (T,- 20.0)
~(27.3T,-2184) =27.3T,- 546
-27.3T +2184=27.3T,- 546
54.6T.=2730
T.=50°C
Note: if your answer is 30°C, check that you have the +/- signs correct.

WORKED EXAMPLE 2.3B

50 mL (0.050 kg) of hot water at 80°C is mixed with 150 mL of cold water at 5°C. Calculate
the final temperature when thermal equilibrium is reached.

SOLUTION
Q=0

Mot water Cwater(Tf_ T=m (Tf_ L)

-(0.050 x 4180 x (T,-80)) = 0.150 x 4180 (T, - 5)
-209T,+16720=627T,- 3135
—-836T,=-19855
T,=23.8°C
=24°C (2 sf)

cold water Cwater

first law of
thermodynamics
during an interaction
between a system
and its surroundings,
the amount of energy
gained by the system
must be exactly
equal to the amount
of energy lost by the
surroundings
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Study tip

You will need

to conduct an
extended ‘student
experiment’ as part
of your physics
course. A good one

to consider is the
specific heat capacity
of a metal by ‘coffee
cup calorimetry’.

Study tip

Information about
calorimeters can be
found on your obook
assess.
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WORKED EXAMPLE 2.3C

If 100 g of alcohol (ethanol) at 50°C is mixed with 250 g of water at 20°C, what is the final
temperature of the mixture?
SOLUTION
—Q (alcohol) = Q (water)
—(MCAT), oo = (MCAT) e
—(0.1 x 2450 x (T, 50)) = 0.250 x 4180 x (T.- 20)
-(245 T.-12 250) =1045 T.-20 900
-245T.+12250=1045T.- 20900
-12907,=-33150
Tf: 25.7°C
=26°C (2 sf)

Liquid + liquid

In the previous section you saw that there

is thermal energy transfer between two Energy out of

solids in contact until they come to thermal the water

Equal to
equilibrium. The same is true of two liquids,

although thermal equilibrium is reached

Energy into
the spoon

much faster.

Liquid + solid

Another type of calorimetry experiment is FIGURE 3 The amount of thermal energy transferred
out of the hot water equals the thermal energy
transferred into the spoon. Both eventually reach an
equilibrium temperature somewhere in between both

temperatures.

adding a hot solid to cool water to measure
the solid’s specific heat capacity. This makes
a great little experiment in physics class.

WORKED EXAMPLE 2.3D

A 20 g stainless steel spoon at room temperature (20°C) is placed in 200 mL of coffee
at 70°C in a foam cup. Assume the foam cup doesn’t absorb any energy. Calculate the
temperature when thermal equilibrium is established. The specific heat capacity of
stainless steelis 500 J kgt K.

SOLUTION

-Q=Q
=M e Cwater(Tf_ Tf% = MMy Cspoon<Tf_ Ti>
-0.200 x 4180 x (T.— 70) = 0.020 x 500 x (T, - 20)
—-836T,+58520=10T,-200
—-846T,=-58720
T,=69.4°C
=69°C (2 sf)
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& 2.3 Calorimetry - method of mixture

SUGGESTED
ST Go to your obook assess »

Adding volume not temperature

A common mistake among lower primary students is to say that
when two identical glasses of water, both at 40°C, are mixed, the
final temperature will be 80°C. Write an explanation suitable for a
Year 3 student about why this is not true. Next, explain why you
add the volumes together (1 cup + 1 cup = 2 cups) but you don’t

add the temperatures together.

CHECK YOUR LEARNING 2.3

Describe and explain

1 Explain what calorimetry is.

2 Describe what happens when two substances at
different temperatures come into contact.

Apply, analyse and interpret

3 200 g of water at 80.0°C is mixed with 100 g of gold
at 20.0°C.
a Determine the specific heat capacity of gold if
the final temperature is 79.0°C.
b Determine the absolute error and percentage
error in the rest, given the accepted value is
129.0 J kgt K.
4 100 g of water initially at 30°C is mixed with
350 g of lead (c,, = 130 J kg™ K*) resulting in a
final temperature of 15°C. Determine the initial
temperature of the lead.

FIGURE 4 Determining thermal equilibrium between
two liquids

250 g of water at 80°C is mixed with 1000 g of

aluminium at 20°C and 500 g of zinc (c,, = 388 J kg™

K?) also at 20°C. Determine the final temperature of

the mixture.

In an experiment to determine the specific heat

capacity of acetone, a copper calorimeter was used

(as a foam cup would be dissolved by the acetone).

In this experiment, 100.0 g of water was placed

in a copper calorimeter (c., =390 J kg™ °C™) of

mass 150.0 g and the temperature was measured

as 40.0°C. Chilled acetone of mass 145.0 g and

temperature 15.0°C was added to the water, and

the lid was placed on. A final temperature of 30.0°C

was found at equilibrium.

a Determine the specific heat capacity of
acetone.

b Determine the relative error, given the accepted
value is 2150 J kg* °C™.

Check your obook assess for these additional resources and more: g
» Student book » Suggested practical » Challenge » Increase your

questions 2.3 Calorimetry - 2.3 Adding volume not knowledge

Check your method of mixtures temperature Calorimeters

learning 2.3
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latent heat

KEY IDEAS
In this section, you will learn about:

freezing
+ specific latent heat.

Changes of state and specific

+ changing states of matter including melting, vaporisation, evaporation, condensation and

BRI A AT R R
\ /

FIGURE 1 This snowman was made in fresh snow. The sun is shining - why
doesn’'t the snowman melt? Will a coat make the snowman melt faster or slower?

When you eat an icy pole, the ice melts in
your mouth and turns from frozen water into
liquid water — but it is still water molecules
(H,0). Instead of being lumped together in
a solid form, the molecules are now free to
move. When you heat up water in a kettle,
the liquid water turns into steam — it is still
H,O molecules, but they are now free to
move around even more. These are the three
phases of water: solid, liquid, gas. When
water is changed from one to another by the
addition or removal of thermal energy, we
say it has undergone a ‘change of state’ or
‘change of phase’.

Up until now we have only considered substances changing their temperature as heat is added or taken away,
but not melting or boiling. We will now look at what happens when substances change state — when they change

from a solid to a liquid or from a liquid to a gas (and vice versa).

FIGURE 2 Water turns into steam
when enough thermal energy is added.

FIGURE 3 When we eat icy poles,
how come the moisture in our mouth
doesn’t freeze?
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Melting - from solid
to liquid

If you have a beaker containing ice at —10°C
and heat it, the temperature rises but the

ice remains frozen solid. With continued
heating, you would notice that when the
thermometer approached 0°C, the ice
started to melt around the base and you
could swirl the ice around in the beaker

with the thermometer. But even as heat
energy was transferred from the hotplate, the
temperature stayed at 0°C; you just got more
and more liquid water.
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Low thermal Thermal The melting of ice to form liquid water melting
. . is a physical process
energy (0°C) equilibrium involves an understanding of thermal energy where a solid
20°C and the structure of matter. In Chapter 1, the undergoes a phase
— internal or thermal energy of a substance was change to become a
el | defined as the total energy possessed by the liquid
\ \{Transfer of | particles of the substance. This is made up of
\ thermal energy | both kinetic and potential energies. In solids,
) | such as a block of ice, the particles are held
'Q firmly in position by the bonds between the

r;z

particles. The particles contain kinetic energy

High thermal
energy (30°C)

in the form of vibrational motion, as well as

several forms of potential energy.
FIGURE 4 Energy transfers in melting ice

s oy

N o .o
el

Energy
output

Solid Liquid

FIGURE 5 Energy is required to partially overcome the attractive forces between molecules in a solid to form
a liquid. When it does, it melts (top arrow). That same amount of energy must be removed for freezing
(solidification) to take place (bottom arrow).

As the ice is heated at its melting point the molecular forces
are no longer strong enough to hold the particles together in fixed
positions. The particles break free and can slide past one another
— the solid melts. It requires a large amount of energy to break the
bonds and increase the potential energy of the particles. When
this is occurring, the addition of thermal energy does not go into
changing the kinetic energy of the particles but into increasing the
potential energy. Since temperature is a measure of the average
kinetic energy of the particles, the temperature does not increase.
So, when a solid melts by the addition of heat, the potential energy
of the particles increases without a change in temperature.

After melting, the addition of heat results in an increase in
the kinetic energy (now translational, rotational and vibrational)
as well as the potential energies of the liquid. Thus, temperature
again rises, as shown in Figure 8 (p. 100).

FIGURE 6 As an ice cube melts, thermal energy from
the surroundings is transferred to the ice and the
water. Although the liquid water has the same mass as
the solid ice did, it now has higher thermal energy.
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vaporisation

a physical process
where liquid
undergoes a phase
change to become a
vapour (it can include
evaporation or
boiling)

boiling point

the temperature

at which a liquid
changesintoa
vapour when the
vapour pressure of
the liquid equals the
surrounding pressure
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Table 1 shows some real data from a Year 11 class about the heating of ice. You can see
that the temperature remains constant at 0 °C for a couple of minutes (¢ = 3 to 4 minutes) as
the ice melts.

TABLE 1 Data of meltingice

ol o :+ 2 3 4 5 8 7 8 9 10

T(°C) -5 -3 -05 0 0O 25 5 15 26 37 48

Vaporisation - from liquid to gas

As we continue to heat water towards the boiling point, some particles begin to break the
cohesion forces holding them together. The forces of attraction between the particles become
very weak and the particles move more freely — the substance changes state from a liquid
to a gas. This phase change is called vaporisation. At a certain temperature, any added
thermal energy goes into changing the potential energy of the particles, causing the particles
to break the cohesion forces. Again, as in the case of melting, at this point the temperature
does not increase as there is no increase in the kinetic energy of the particles. This is shown in
Figure 8. This temperature is called the boiling point of the liquid. It takes about 2.25 x 10¢
J of thermal energy to change 1 kg of water at 100°C to steam at 100°C.

The changes in temperature during heating and phase change are shown graphically in
Figure 8.

s, @

q“o

Energy
input

o o
:\\. e
e _—"0
output
Liquid Gas

FIGURE 7 As energy is added to a liquid, the particles move faster and eventually leave the surface of the liquid
when they have enough energy. Similarly, when the gas is cooled, the particles slow down and eventually condense
to form a liquid.

Steam
L
o Water and
o steam
5 Water only
[
o
o
E o
(] .
= Ice and Heating
ter
_30f We -~
Cooling
Ice only

FIGURE 8 Adding heat causes a progression through the three states of water, but there are times when the
temperature doesn’t change.
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Specific latent heats

You have seen that energy is necessary to change a substance from one state to another,
even when there is no change in temperature. The amount of energy transfer necessary
to change the state of 1 kg of a substance with no change in its temperature is called its
specific latent heat.

Latent heat of fusion

‘Latent heat of fusion’ refers to the amount of energy transfer necessary to change 1 kg of
a substance from solid to liquid.

The specific latent heat of fusion is the amount of energy required to melt 1 kg of a
substance at its melting point.

To change 1 kg of ice at 0°C to water at 0°C requires 3.34 x 10° J of energy. Therefore,
ice has a specific latent heat of fusion of 3.34 x 10° J kg™!. Specific latent heats of fusion of
other solids are given in Table 2. The word ‘latent’ is Latin for ‘hidden’. It is only hidden
in the sense that a substance can take in heat energy without the thermometer registering
a change. In that sense, it is hidden as potential energy in the bonds between the particles
(rather than in the kinetic energy of the particles). It is not the best word to describe the
energy, but for historical reasons it has stuck. The word ‘fusion’ is from the Latin fundere,
meaning to melt.

Latent heat of vaporisation

Vaporisation is the process of turning a liquid into a gas (vapour). The term ‘latent heat
of vaporisation’ refers to the amount of energy transfer necessary to change 1 kg of a
substance from liquid to gas.

The specific latent heat of vaporisation is the thermal energy required to change
1 kg of a liquid at its boiling point into a vapour.

As it takes 2.26 x 10°J of thermal energy to change 1 kg of water at 100°C to steam
at 100°C we can say the specific latent heat of vaporisation of water is 2.25 x 10°J kg.
Conversely, this is also the amount of energy that would be released if 1 kg of steam
condensed back into water. Specific latent heats of vaporisation of other liquids are given
in Table 2.

TABLE 2 Specific latent heats of some common substances

Substance Specific latent heat of Specific latent heat of
fusion L. (J kg?) vaporisation L, (J kg?)

Mercury 1.18 x 104 2.90 x 10°
Lead 2.30 x 104 8.64 x 10°
Gold 6.30 x 104 1.64 x 108
Silver 1.05x 10° 2.36 x 108
Alcohol 1.09 x 10° 8.70 x 10°
Aluminium 1.80 x 10° 1.14 x 107
Copper 2.05%x10° 4.82 x 10°
Iron 2.76 x 10° 6.29 x 108
Water 3.34 x10° 2.26 x 10°
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specific latent
heat of fusion

the amount of energy
required to change

1 kg of a substance
from solid to liquid

at its melting point
(symbol: Ly unit:
Jkg™)

specific

latent heat of
vaporisation
the thermal energy
required to change
1 kg of aliquid at its
boiling pointinto a
vapour (symbol: L ;
unit: Jkg?)

Study tip

Note on

spelling: vapour

is British, vaporis
US. We tend to use
the British spelling
‘vapour’, but when it
comes to the process
of changing from a
liquid to a vapour, it
is called vaporisation
or vaporization the
world over.
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Specific latent heat formulas

Latent heat of fusion

The thermal energy required to melt a mass of a substance at its freezing (or melting) point is
given by the equation:

Q= mLf

where Q is the ‘heat’ (in J), m is the mass of the substance (in kg), and Lf is the specific latent
heat of fusion of the substance (in J kg™).

WORKED EXAMPLE 2.4A

How much energy is required to change a 2.00 kg block of lead to liquid at its melting point?
SOLUTION
From Table 2, the specific latent heat of fusion of lead is 2.30 x 104 J kg™.
Q=mL,
=2.00 x 2.30 x 10*
=4.60x 104 J

WORKED EXAMPLE 2.4B

An ice tray containing 200 g of water at 25.0°C is placed in the freezer. How much heat

energy has to be removed to change the water into ice at -4.0°C?
(Note: c,. =4180Jkg™ Kt c_ =2050Jkg'K?)

water

SOLUTION
You need to recognise that there are three cooling stages in this question:

ice

e heat has to be removed to lower the temperature of water from 25°C to 0°C
e more heat has to be removed to freeze the water at 0°C (its melting point) just to
overcome the kinetic energy keeping the particles apart - this results inice at 0°C
e even more heat has to be removed to cool the ice down from 0°C to -4°C.
Note that the specific heat capacity of ice (2100 J kg? K?) is different from that of
water (4180 J kgt K?).
Q=mcAT+ mL.+ (mcAT),,
=0.200 % 4180 x (25.0 - 0)+0.200 x 3.34 x 10>+ 0.200 x 2050 % (4.0 - 0)
=2.1x10%+6.68 x 104+ 1640
=8.94 x10% J (3 sf)
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Latent heat of vaporisation Study tip

Making a cappuccino
is an example
Q= va of latent heat

where L_is the specific latent heat of vaporisation. of vaporisation
by calorimetry

experiment. More
information can be

WORKED EXAMPLE 2.4C found on your obook

A beaker contains 150 mL of water at the boiling point. What extra thermal energy is assess.
required to vaporise it at 100°C?
SOLUTION
Q=mlL,
=0.150%2.25x10° Jkg™
=3.38x10° J (3 sf)

The energy required to vaporise a liquid is given by the equation:

Latent heats by calorimetry

A simple way to find the latent heat of fusion of ice is to place it in some warm water and note
the temperature after the ice melts. To find the latent heat of vaporisation of water to steam,
you can bubble some steam through cool water and note its temperature rise and how much
steam condenses to water. Both involve calorimetry and are quite simple, although the steam
experiment is dangerous as the steam may condense and suck water back into the hot flask
and cause it to shatter. Let’s look at the fusion of ice.

WORKED EXAMPLE 2.4D

A 25.0 giice cube at 0°C was placed into 250.0 g of water at 33.5°C in an insulated cup. After
the contents reached thermal equilibrium, the temperature was measured to be 22.1°C.

a Calculate the specific latent heat of fusion of ice.
b Calculate the percentage error.

SOLUTION

a -Q=Q,
Mo CuterD Tuater = Mice Lf+ Mq water Cuater D Ticewater
TN ater Cwater(Tf -T)=m, Lf P Mt Cwater(Tf -T)

-0.250 x 4180 x (22.1 - 33.5) =0.025L.+ 0.025 x 4180 % (22.1 - 0.0)
1.191x10=0.025L,+2309.5
0.025L,=9600.5
L= 3.84x10°Jkg* (3 sf)
b E=[X-X,|
Ea= [3.84 % 10°-3.34 x 10°
=5.00 x 104 J kg™
E

E%= 7 x 100%
= 334107 x 100%
=15.0% (3 sf)
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]
CASE STUDY 2.4
Iceberg melting rates

Scientists have been researching the factors affecting iceberg melting for at least
30 years. The melting and breaking-up of polar ice has become an even more
important issue since the effects of climate change have been recognised.

It is well known that the most important factor affecting iceberg melting is the
temperature of the surrounding fluid. This fluid can be either the air around the
exposed part of the iceberg or the water underneath. But other factors include the
volume and shape of the icebergs. The bigger the surface area (and in practice this
also means volume), the faster the melting rate.

When an iceberg melts, it often cracks into two pieces. Depending on the size and
shape of these new pieces, it may have a 'rollover'. In Figure 9 you can see icebergs of
different sizes, and these will melt at different rates.

FIGURE 9 Icebergs in the Antarctic. Can you predict which of these icebergs will melt faster? It is hard to
tell their size in this photo, but they are actually the size of office blocks.

Heat of humans

In 1775, British physicist Dr Charles Blagden was conducting a series of experiments to test the
effect of extremely high temperatures on humans. During one of these experiments, Blagden
took some friends, a dog and a raw beef steak into a room at 127°C for 45 minutes. They all
came out unharmed except for the steak, which was cooked. Consider why this happened.

The snowman in a coat

Which will melt faster — a snowman with or without a coat? The answer is the snowman
without a coat.

The snow melts as thermal energy is transferred from the warm air to the ice of the
snowman. Anything that can prevent or slow this transfer will slow down the rate of melting.
This can be confusing, as a coat is associated with keeping warm. You would normally wear
a coat to slow the transfer of thermal energy from your body to the cold outside, but with the
snowman it is the other way around. What if the outside was colder than the snowman? In
that case, the snowman wouldn’t melt at all so a coat would make no difference.
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& 2.4 Observation of phase change -

SUGGESTED during heating
e[\ Go to your obook assess »

CHECK YOUR LEARNING 2.4

Apply, analyse and interpret

1 Determine the energy required to melt 2.50 kg of
gold at its melting point. (Refer to Table 2 (p. 101)
for latent heats of fusion.)

2 Copper has a melting point of 1083°C. Determine
the energy required to melt 200.0 g of copper
originally at 22°C (room temperature).

3 A 2.0L bottle of water at 20°C is placed in the
freezer compartment of a refrigerator. Determine
how much thermal energy must be removed by the
refrigerator to freeze this water.

4 A 25.0 gpiece of ice at 0°C was placed into a
foam cup of negligible heat content containing
350.0 mL of water at 18.0°C. The final (equilibrium)
temperature was 12.0°C. Determine the latent heat
of theiice.

5 Inan experiment to measure the latent heat
of fusion of ice, a 31.0 g piece of ice at 0°C was
placed into a foam cup of negligible heat content
containing 300.0 mL of water at 28.6°C. The final
(equilibrium) temperature was 18.4°C.

a Calculate the latent heat of the ice and the
percentage error.

b Consider the final temperature if crushed ice
was used.

c If crushed ice was used, would it come to the
final temperature any quicker? Explain your
answer.

6 Determine the mass of acetone that can be
vaporised by the addition of 20 kJ of thermal energy
while at its boiling point of 56°C. (acetone L, = 5.18 x
105 J kg

Investigate, evaluate and communicate

7 Aclass of Year 11 students (in five groups)
conducted a latent heat investigation (as outlined in
Worked example 2.4D). Table 3 shows their results.

Check your obook assess for these additional resources and more:

» Student book » Suggested practical
questions 2.4 Observations of
Check your learning 2.4 phase change - during

heating
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» Challenge

FIGURE 10 In this experiment, the student has ensured the ice
is dry and will add the lid promptly to minimise errors.

a Using the datain the table, calculate the
specific latent heat of fusion found by Groups 4
and 5 and their percentage error.

b Determine whether the errors for the L, results
are allin one direction. That is, are they all over
or all under the accepted value?

¢ Based on your answer to 7b. would you say the
errors are random or systematic? Explain.

TABLE 3 Class results

GrOUp mice mwater Tl (water) Tf Lf EITOI'
(%)

19.61 114.16 59.5 39.0 337433 1.0
18.28 9426 430 240 310658 7.0
1396 10310 58.0 410 355117 6.3
2118 11244 555 355
21.23 9453 52.0 290

aa N W DN -

2.4 Heat of humans
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CHAPTER

Review

Summary

m e The zeroth law of thermodynamics states that the transfer of energy from a system
with higher temperature to a system with lower temperature will occur until thermal
equilibrium is reached.

m e The specific heat capacity (c) of a substance is the quantity of heat required to raise
the temperature of 1 kg of the substance by 1°C. It is measured in J kg* K™.

e The quantity of energy (Q) transferred to or from a substance is given by the
equation: Q= mcAT, where Qis the energy in joules, mis the mass of the substance in
kg, cis the specific heat capacity in J kg* K%, and AT is the change in temperature in
kelvin (or Celsius).

In a closed system, the thermal energy lost by one object is equal to the thermal

energy gained by the other. This is conservation of energy.

e When two bodies have the same temperatures as a third body, then the two also have

temperature equal to each other.

To bring about a change of state requires energy (latent heat).

e The energy required to change 1 kg of a substance from a solid to a liquid without a
change in temperature is called the specific latent heat of fusion (L,).

e The energy required to change 1 kg of a substance from a liquid to a gas without a
change in temperature is called the specific latent heat of vaporisation (L).

e Q=mL, where L is the specific latent heat of fusion measured in J kg™.

Key terms

o calorimeter o specific heat capacity

e calorimetry e thermal equilibrium

e conservation of energy e vaporisation

e melting e zeroth law of thermodynamics
Key formulas

Finding the specific heat capacity of a Q=mcAT
substance

Finding specific latent heat of vaporisation Q=mlL,

Finding specific latent heat of fusion Q=mL,
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Revision questions

The relative difficulty of these questions is indicated
by the number of stars beside each question
number: * = low; ** = medium; *** = high.

Multiple-choice

1 If two objects labelled Band C are both at
thermal equilibrium with object A, which of the
following must be true?

A Objects Band C are in thermal equilibrium
with each other.

B Object Bhas a higher temperature than
object C.

C Object C has a higher temperature than
object B.

D Objects Band C are not in thermal
equilibrium with each other.

2 Alead fishing sinker with a mass of 75.0 gand a
temperature of 25°C is placed on a block of ice
at 0°C, which then melts. If 75.0 g of water at
the same temperature were poured on the ice,
which of the following is true?

A The water would melt more ice than the lead
fishing sinker.

B The water would melt less ice than the lead
fishing sinker.

C The water would melt the same amount of
ice as the lead fishing sinker.

D Neither the water nor lead fishing sinker
would melt any ice.

3 The specific heat of a liquid is 1000 J kg™ K.
What amount of heat is needed to raise the
temperature of 4.0 kg of liquid from 30°C to 40°C?
A 4.0x10%)

B 2.0x10%K
C 4.0x10%J
D 8.0x10%K

4 Which one of the following is true about the
melting of ice?

A Energy is required to increase the average
kinetic energy of water molecules.

B Energy is required to decrease the average
kinetic energy of water molecules.

C Energyis required to increase the potential
energy between the water molecules.

D No energy is required for this process as it
happens spontaneously.

5 Acubeoficeis placedinafoam cup and it
begins to melt. The air temperature is 23°C.
Which one of the following best describes the
temperature of the water that is formed?

A lessthan 0°C

B 0°C

C room temperature

D greater than 0°C but less than room
temperature

Short answer

Describe and explain

* 6

*7

* 8
**x 9

The zeroth law of thermodynamics was
invented after the first law of thermodynamics.
Explain why it is numbered before the first law.
Define ‘specific heat capacity’ and ‘specific
latent heat’.

Define ‘thermal equilibrium’ and give an example.
Figure 1 is a heating graph where the lines A and
B represent beakers containing either 100 mL or
200 mL of water. Explain which line is which.

Temperature change as time passes
45

40
35
30
25
20
15
10

5

0

A

Temperature (°C)

0 5 10 15 20 25
Time elapsed (minutes)

FIGURE 1 Heating graph for beaker A and beaker B

*#*10 A 70.0 g cube of iron at 90.0°C is placed in

contact with a block of aluminium of similar
mass at room temperature of 23.0°C. Calculate
the final (equilibrium) temperature.

**11 A 70.0 g cube of copper at 100.0°C is placed on a

200.0 g piece of lead at room temperature.

a Assuming no heat is transferred to the
environment, calculate the final (equilibrium)
temperature.

b Calculate the temperature the copper
would have to be raised to so that the final
(equilibrium) temperature was 70.0°C.
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**x 12 Identify the mass of steam initially at 130°C
that is needed to warm 200 g of waterina 150 g
glass container from 20°C to 50°C.

*** 13 An electric shower unitis rated at 5 kW. If water
enters it at 15°C and leaves it as hot water
at the rate of 5 kg per minute, calculate the
temperature of the hot water.

Apply, analyse and interpret

* 14 Determine the amount of thermal energy
needed to raise the temperature of a 250 g
piece of copper from -20°C to 25°C.

*15 1500 J of energy is used to heat a 400 g
sample of iron initially at 28°C. Deduce the final
(equilibrium) temperature of the iron.

* 16 A 2000 J energy supply was used to heat four
different masses of the same metal: 100 g,
200 g, 500 g and 1.00 kg.

a If the 100 g mass changed its temperature
by 5°C, determine what the temperature
changes of the other three masses would
have been.

b Identify the specific heat capacity of the
metal.

c Determine if the metalis more likely to be
copper or aluminium.

* 17 A student likes to mix iced coffee with their
hot coffee drink to cool it down. If the student
added 100 mL of iced coffee at 5°C with 250 mL
of hot coffee at 70°C, determine the final
(equilibrium) temperature of the mix. (Specific
heat capacity of milk is 3930 J kg™ K?.)

* 18 Steam at 100°C will cause much more severe
burns than water at 100°C.

a Explainin which state (liquid or vapour) the
molecules are moving the fastest.

b Clarify in which state the molecules have
greater potential energy.

¢ Consider why steam burns are more
severe than those from water at the same
temperature.

** 19 200 g of water at 80°C is mixed with 100 g
of gold at 20°C. If the final (equilibrium)
temperature is 79°C, determine the specific
heat capacity of gold.

*% 20 250 g of water at 80°C is mixed with 1000 g of
aluminium at 20°C and 500 g of zinc also at 20°C.
Determine the final (equilibrium) temperature of
the mixture. (c,, =388 Jkg? K1)

** 21 A 1.0 kg sample of metal with a specific heat
capacity of 500 J kg™ K is heated to 100.0°C
and then placed in a 50.0 g sample of water
at 20.0°C. Determine the final (equilibrium)
temperature of the metal and the water.

*#* 22 A 2.0 kg copper block at a temperature of
200.0°C is placed in contact with another copper
block of the same mass at a temperature of
20.0°C. Determine the final temperature when
they have reached thermal equilibrium.

** 23 A 150 g steel spanner is left in the sun and
reaches a temperature of 50°C. It is then placed
on the lid of an aluminium toolbox of mass
1.1 kg at a temperature of 20°C. Determine the
final temperature when the spanner and the
toolbox have reached thermal equilibrium.

** 24 A 50 g sample of ethanol (alcohol) at -8°C is
poured into a cup containing 75 g ethanol at 24°C.
Determine the final temperature of the mixture.

*#* 25 A mechanic was making up a 1:50 fuel mixture
for a two-stroke motor mower. The mechanic
mixed 100 mL (88.8 g) of oil at 35.0°C with 4.90 L
(3.53 kg) of petrol at 20.0°C. Given that the
specific heat capacities of oil and petrol are
1800 Jkg* K*and 2130 J kg™ K respectively,
determine the final temperature of the mixture.

*** 26 The energy released from condensation in
thunderstorms can be very large. Determine the
energy released into the atmosphere for a small
storm of radius 1.0 km, assuming that 1.0 cm of
rain is precipitated uniformly over this area.

*** 27 To help prevent frost damage, 4.00 kg of 0°C
water is sprayed onto a fruit tree.

a Determine how much heat transfer occurs
as the water freezes.

b Calculate how much the temperature of the
200 kg tree would decrease if this amount
of heat transferred from the tree. (Specific
heat capacity of the tree is considered to be
3350 J kg™ °C* and assume that no phase
change occurs))

Investigate, evaluate and communicate

** 28 A 59.7 g piece of metal was placed in boiling
water and allowed to reach 100.0°C. The
metal was quickly transferred into 60.0 mL of
water initially at 22.0°C. The final (equilibrium)
temperature rose to 28.5°C. Solve the specific
heat capacity of the metal and identify the metal
from a table of specific heat capacities.
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the heating curve for water in a beaker on a
hotplate. Line A is for an equal mass of another
substance. Solve the specific heat capacity of
substance A.

Temperature change as time passes
45

40 A
35
30
25
20 -
15 3 //

10 o

5 g

0 2 4 6 8 10
Time elapsed (minutes)

Temperature (°C)

FIGURE 2 Temperature changes

** 30 A child wanting to make a cordial ice block
places 200 g of cordial at 25°C in the freezer. If
the freezer can remove energy at the rate of
25 joules per second, determine the time it will
it take for the cordial to freeze. (Assume the
specific latent heat and specific heat capacity
of cordial are the same as water.)

*#* 31 The graph in Figure 3 shows the change in
temperature for a solid as it is heated by a
1000 W (1000 J s™) hotplate and turns into a
liquid. Deduce which phase has the greater
specific heat capacity: solid or liquid.

Heating curve for a substance on a hotplate

Temperature

Time
FIGURE 3 Heating curve

** 29 In the graph shown in Figure 2, line B represents

***32 A substance is in the solid form at 0°C. The
amount of heat added to this substance and its
temperature are plotted in the graph shown in
Figure 4. The specific heat capacity of the solid
substance is 500 J kg? K. Determine the specific
latent heat of fusion for the melting process.

120 - m e
100
I
60 -

Temperature (°C)

40 i i i
20 H : 1

500
ap)

FIGURE 4 Amount of heat added to a substance

***33 90.0 g of molten lead at 327.3°C is poured into
a 300.0 g casting made of iron initially at 20°C.
Determine the final temperature of the system.
***34 Three cubes of iron, aluminium and copper, each
of mass 80.0 g, have temperatures of 80°C,
120°C and 180°C respectively. The cubes are
pressed together. Determine their equilibrium
temperature.
***35 In aninsulated vessel, 250 g of ice at 0°C is
added to 600 g of water at 18°C.
a Determine the final temperature of the
system.
b Determine how much ice remains when the
system reaches equilibrium.

***36 A block of ice of temperature 0°C and mass
20.0 g was placed in a beaker and weighed.
The total mass was 55.0 g. Steam at 110°C
was blown onto the ice until the ice completely
melted and remained at 0°C. Assuming no loss
of heat to the surroundings, determine the
mass of the beaker and its contents.

Check your obook assess for these additional resources and more:

» Student book
questions

Chapter 2 Revision
questions

» Revision notes
Chapter 2

OXFORD UNIVERSITY PRESS

» assess quiz » Flashcard glossary g

Auto-correcting Chapter 2

multiple choice quiz
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Energy in systems

Energy can be transferred from one object to another by heating it up or
by doing work on it. Up until the mid-1800s these two processes were

thought to be separate ideas. Heat was regarded as some sort of invisible
fluid, a ‘caloric fluid’ that bodies possessed. Hot bodies, it was believed,

CHAPTER

contained more of this fluid than cold bodies. When a body was warmed
this caloric fluid transferred to the body. But this did not explain why
two ice cubes melted when they were rubbed together, or how the
pressure from an ice skater’s skate blade turns ice into water even though
the temperature stays the same.

However, people were able to harness the energy of heat and turn
it into useful work, even if they didn’t understand the connection.

Steam engines were a good example of this. But the need to increase
the efficiency of these early steam engines led to further technological
advancements such as building the internal combustion engine.

More critically, it also led to scientists attempting to understand
mathematically the relationship between heating processes and
mechanical work. These ideas were eventually brought together in 1843
by James Prescott Joule.

In this chapter we will look at the two ideas: firstly, how heat can be
transferred from one object or system to another; and secondly, how
mechanical work and heat can be interchanged. This branch became
known as ‘thermodynamics’, a term that comes from Greek words
meaning heat and movement.

— Explain heat transfers in terms of conduction, convection and radiation.

— Explain that a system with thermal energy has the capacity to do mechanical work.

— Recall that the change in the internal energy of a system is equal to the energy
added or removed by heating plus the work done on or by the system, and recognise

this as the first law of thermodynamics and that this is a consequence of the law of S
conservation of energy.

— Explain that energy transfers and transformations in mechanical systems always
result in some heat loss to the environment, so that the amount of useable energy is
reduced.

— Define efficiency.
— Solve problems involving finding the efficiency of heat transfers.

Source: Physics 2019 v1.2 General Senior Syllabus Queensland Curriculum &
Assessment Authority



MAKES YOU WONDER

In this chapter we will be examining ideas that will — When you rub your hands together on a cold
help to answer questions such as: morning your hands become hotter, but wher

— Why is it cooler in the shade? does the energy come from — out of thin air?

— On cold winter nights how does a quilt keep you ~ — Can you cool down your house in summer by
warm? Where does it get the energy from? leaving the refrigerator door open?

— How do you feel the warmth of the electric heater =~ — Car engines convert only about 20% of the
from across the room? Could electric heaters be energy in petrol to moving along the road. Why
used in outer space to keep astronauts warm? doesn’t the government pass a law that all the

0 — How does the Sun’s heat energy reach Earth? energy has to be used up?

{ ' 0N - Why doesn’t Earth get hotter and hotter as

sunlight falls on it?

10y i
\ \\ y\l ‘s\\‘n |v |

FIGURE 1 The bony plates on a stegosaurus are believed
to have acted as cooling fins to regulate temperature,
although their primary use was for display. Very big
animals lack sufficient surface area for adequate
cooling, so this adaptation would have helped.




Heat transfers

KEY IDEAS
In this section, you will learn about:
+ heat transfer as a process.

heating Whenever there is a temperature difference, energy transfer occurs. We call this heating or
the process of
transferring thermal
energy from a hot
objecttoacoolerone  materials such as thick clothing for winter, by controlling air movement such as through the

use of fans, or by choice of colour, for example selecting a white car to reflect the Sun’s rays.

cooling. Heating may occur rapidly, such as through a frypan, or slowly, such as through
the walls of a foam or cardboard coffee cup. We can control the rate of heating by choosing

cooling . .. . . . .
the process of Because so many processes involve heat transfer, it is hard to imagine a situation where no
transferring thermal heating or cooling occurs.

energy away from an All of the questions in the chapter introduction can be answered by considering the

object to a cooler one
process of thermal energy transfer. However, every transfer takes place by just three

thermal energy processes: conduction, convection and radiation.

transfer

the process of

transferring thermal

energy fromone

object to another,

also known as heat

Conduction is the process by which heat
is directly transferred or transmitted through
the material of a substance when there is a
difference of temperature between adjoining
regions, without movement of the material.

Convection is the movement caused
within a fluid by the tendency of hotter and
therefore less dense material to rise, and
colder, denser material to sink under the

influence of gravity, which consequently
FIGURE 1 Cooling fins of a CPU heat sink results in transfer of heat.

Radiation is the emission of energy as electromagnetic waves.

The next section will look at conduction, convection and radiation in more detail.

CHECK YOUR LEARNING 3.1

Describe and explain 3 Identify the three processes of thermal energy

1 Explain what happens when an object or system transfer.

changes temperature. 4 Describe an example from your personal experience

2 Recall two examples that demonstrate how humans for each of the three mechanisms of heat transfer.

can control the heating or cooling of an object.

Check your obook assess for these additional resources and more:

» Student book » Weblink » Weblink » Weblink
questions Heating Heating and cooling Cooling
Check your your home
learning 3.1
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conduction

a process in which
heat is directly
transferred or
transmitted through
a substance due

to a temperature
difference between
neighbouring regions,
without movement of
any matter
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Conduction, convection

and radiation

KEY IDEAS
In this section, you will learn about:

+ conduction, convection and radiation as processes of heat transfer.

Conduction

Conduction is heat transfer through stationary matter by physical contact. The direction of

transfer is from more energetic to less energetic particles. It can occur within a substance (such

as through a metal rod), or from one substance to another (such as from hot coffee to a spoon).

Conduction within a substance

Conduction (from the Latin word conducere
meaning ‘to lead together’) is the process by
which thermal energy is transferred through
a medium by the vibrating particles of the
medium, but without the particles actually
moving from one place to another.

In metals, the atoms are held in a lattice
arrangement and surrounded by free-moving
outer electrons. When heated, the atoms
vibrate within the lattice but can’t move
too far as they are held in place by the ‘sea’
of free electrons that make up the metallic
bond. These mobile electrons can transport
energy to neighbouring metal atoms. In
non-metals, the atoms are more tightly fixed
in their lattice. For example, in diamond,
the carbon atoms are held rigidly by strong
covalent bonds and the electrons are bound
up in the bonds. Hence, diamond is a poor
conductor of heat energy.

Conduction from one
substance to another

When a saucepan is placed on a hot
stove, or a metal spoon is placed in a hot
drink (Figure 2), heat transfer occurs by
conduction from one substance to another.
We can look at this process at an atomic
level. When a stainless-steel teaspoon is
placed in hot water, you can feel that the
spoon handle becomes hot. Thermal energy

FIGURE 1 Metals have a lot of free-moving electrons
that move faster when the metal is heated. The
electrons give their energy to neighbouring metal
atoms, and so pass the energy on.

] Slow
/ vibrations

FIGURE 2 Transfer of thermal energy by conduction
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convection

a transfer of heat
caused by the
movement within a
fluid of the hotter
and less dense
material, which rises,
and colder, denser
material which sinks,
under the influence of
gravity

free convection
the movement
caused within a fluid
by the tendency of
hotter and therefore
less dense material
torise, and colder,
denser material,

to sink under the
influence of gravity,
which consequently
results in transfer
of heat

forced convection
the movement
caused within a fluid
generated by an
external source such
as a pump, fan, or
suction device

radiation

the transfer of
energy in the form
of electromagnetic
waves or moving
subatomic particles

electromagnetic
radiation

radiant energy
consisting of
electromagnetic
waves, propagated at
the speed of light in

a vacuum
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travels (as heat) from the hot water up the spoon Surface

to your hand. The molecules of the hot water
are moving faster than those of the spoon — they

Low energy

\\0 ,P before collision

.

have more energy because they are hotter. When

these molecules collide with the particles of the Higher Water I, Spoon LoV
. temperature temperature

spoon, they transfer some of their energy to those

iron atoms in the spoon. These atoms in turn

vibrate and cause their neighbours to vibrate. High energy

This continues until all the thermal energy in the S s

atoms in the spoon and water is in equilibrium. Heat

Thermal energy is transferred from the hot water conduction

to the spoon, and eventually to your hand. FIGURE 3 Heat conduction for a spoon placed in

hot water
Convection

Convection is another method of heat transfer. The word convection comes from the Latin
convehere, meaning ‘to carry together’. Convection is similar to conduction, but in this case
the particles of the materials themselves actually move. While conduction is the transfer of
heat by the vibration of particles of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>