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Introducing Physics for Queensland Units
1 & 2 (Fourth edition)

Congratulations on choosing Physics for Queensland Units 1 & 2 as part of your studies this
year!

Physics for Queensland Units T & 2 has been purpose-written to meet the requirements of the QCAA
Physics 2025 General senior syllabus. It includes a range of flexible print and digital products to suit
your school and incorporates a wide variety of features designed to make learning fun, purposeful
and accessible for all students!

Key features of the Student Books

The Physics toolkit module provides N

an overview of the syllabus, student- Studying QCE Physics
friendly guidance for every science

inquiry skill and tips for success on

assessment tasks.

Each module begins with a

module opener that includes:

+ QCAA subject matter

+ reference to a supporting prior
knowledge quiz that assesses and
informs student understanding of
pre-requisite concepts

- alist of practical lessons that
support science inquiry

Current, potential
difference and
energy flow
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e R Each lesson includes:
The wave model of light . ‘ =3 - learning intentions and
success criteria
-------- - + clearly structured content
. . written in clear, concise
Py Wi 00 o iR i antal - language
: ‘ e e Femrriyore ' - definitions for all key terms on
‘ ; the page
+ engaging, relevant and
informative images and
illustrations
2y - arange of tips and features
et s designed to bring course
= content to life including study
Rt gt SOy tips, worked examples, skill
Sl v s - drills and examples of real-
e reorbvry i world science applications
st e e it s references to supporting digital
o Bt i e bt resources
wlpseisay et - Check your learning
o activities organised according
to Marzano and Kendall's
taxonomy and incorporating
cognitive verbs.xonomy and
incorporating cognitive verbs.
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e e i o T e Each module contains a range of

et S e practical activities designed to
meet the requirements of science
understanding and science inquiry
subject matter and develop
science inquiry skills.
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Find out more

For a complete overview of all the features and benefits of this Student Book - as well as helpful
videos showing you how to get the most out of the series:

> Qactivate your digital access (using the instructions on the inside front cover of this book) and click
on “Introducing Physics for Queensland Units 1 & 2" in the Course menu
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o ¥ Key features of Oxford Digital

Oxford Digital has been designed in consultation with Australian teachers for Australian classrooms.
The new platform delivers fully accessible, reflowable course content with videos, auto-marking
activities, interactives and more embedded right where you need them.

There’s also a range of unique features designed to improve learning outcomes.

Key features for students

As a student, you can:

> view all course content in a fully accessible, reflowable format that's delivered in bite-sized chunks
SO you can work at you own pace

> use the “Read to me” button to have any part of the course read aloud to you

> highlight, take notes, bookmark pages, or define words with the built-in Australian Oxford
Dictionary

> watch short content videos, worked example videos and practical demonstration videos to

help you revise anything you don't understand, catch up on things you've missed, or help you with
your homework

> complete hundreds of interactive questions and quizzes as you work through the content and get
the answers and results sent to you.
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Key features for teachers

As a teacher, you can: o
> elevate your teaching and reduce planning and preparation time with Live Lesson mode.
This is an Australian first that lets you upgrade from traditional print-based lesson plans to
fully interactive, perfectly sequenced and timed interactive lessons complete with
classroom activities that are ready to go
> personalise learning for every student and differentiate content based on student strengths
and weaknesses. Assign support or extension resources to any student using a range of
differentiation resources
> revolutionise your planning, marking and reporting with powerful analytics on student
performance and progress.
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Find out more

For a complete overview of all the features and benefits of Oxford Digital - including helpful

videos showing you how to get the most out of the platform:

> Qactivate your digital access (using the instructions on the inside front cover of this book) and click
on “Introducing Physics for Queensland Units 1 & 2" in the Course menu
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Physics toolkit

Introduction

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, 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 module will become a useful reference throughout Units 1 and 2 of Physics.
Physics applies a rigorous scientific method to collect information and test theories, so
in some ways this module tells you many of the most important things in all of physics.
It should come first!

s

This module is set out in a way that makes each piece of information easy to access. \ “,.33“
. .. e . o
It is not meant to be read from beginning to end. Rather, it’s like a toolbox — you dip
. . . N
your hand into it, get the tool you need and then use it. v ]

N

\

Prior knowledge .

) P2~

[

Prior Check your understanding of the science inquiry skills before

\
‘ knowledge .
quiz you start. \‘ I

v
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Learning intentions
and success criteria

physics

the systematic study of
energy and matter and
how they interact with
each other to explain
observed phenomena

Lesson 1.1

Studying QCE Physics

Key ideas

— In QCE Physics, you will gain a variety of science understanding and inquiry skills that will
help you succeed in assessments, as a scientific professional, and as a science citizen.

Rationale

Physics aims to develop students’

e appreciation of the wonder of physics and the significant contribution physics has made to
contemporary society

¢ understanding that diverse natural phenomena may be explained, analysed and predicted
using concepts, models and theories that provide a reliable basis for action

e understanding of the ways in which matter and energy interact in physical systems across
a range of scales

¢ understanding of the ways in which models and theories are refined, and new models and
theories are developed in physics; and how physics knowledge is used in a wide range of
contexts and informs personal, local and global issues

e investigative skills, including the design and conduct of investigations to explore
phenomena and solve problems, the collection and analysis of qualitative and quantitative
data, and the interpretation of evidence

e ability to use accurate and precise measurement, valid and reliable evidence, and
scepticism and intellectual rigour to evaluate claims

e ability to communicate physics understanding, findings, arguments and conclusions using
appropriate representations, modes and genres.

Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

What is physics?

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, and explains how energy is transferred and transformed. Physics
deals with matter on scales ranging from tiny subatomic particles to stars, galaxies, the edge
of the universe and beyond.

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 decades ago have been modified or discarded
as new information and understandings have become known. Such an example is the Higgs
field to account for the mass of particles. This new idea was proposed in 1960s and confirmed
50 years later. Other ideas have been around for a century or more and have not changed.

Physics doesn’t just deal with theoretical ideas. It has a practical role in nearly every sphere
of human activity, such as the development of sustainable and efficient forms of energy

4 PHYSICS FOR QUEENSLAND UNITS 1T & 2 OXFORD UNIVERSITY PRESS
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production, biomechanics and the understanding
of athletic performance, reducing noise pollution
by acoustic design, and monitoring earthquakes
and tsunamis. Physics is also called upon to answer
some of the most fundamental questions about
human existence.

Many physicists are researchers working to find
answers to some of these fundamental questions.
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
electric fields developed in the 1830s. -

Whether physicists are researchers or work in
industry developing new products, they 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 only choose two of those”.

A physicist will often be the one to remind others that
you can’t break the laws of thermodynamics. They can
give sound advice.

\AAMAAAL

’

Their ability to problem-solve and tackle challenging
questions allows them to work in diverse industries

outside of the laboratory, such as in 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

FIGURE 2 A physicist could be in charge of curating a museum
finance sector, engineering firms and in businesses. exhibit to educate the general public about physics.

How is the QCE Physics course structured?

Studying QCE Physics provides you with the opportunity to engage in a range of inquiry
tasks and develop science inquiry skills. You will develop an understanding of the ways in
which matter and energy interact in physical systems to produce diverse natural phenomena,
and be able to make links between theory, knowledge and practice.

Syllabus objectives

As for the other senior sciences, there are six syllabus objectives in QCE Physics.
1 Describe ideas and findings

Students use scientific representations and language in appropriate genres to give
a detailed account of scientific phenomena, concepts, theories, models and systems.

2 Apply understanding

Students use scientific concepts, theories, models and systems within their limitations.
They use algebraic, visual and graphical representations of scientific relationships and
data to determine unknown scientific quantities or features. They explain phenomena,
concepts, theories, models, systems and modifications to methodologies.

OXFORD UNIVERSITY PRESS MODULE 1 PHYSICS TOOLKIT 5
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Students consider scientific information from primary and secondary sources to identify
trends, patterns, relationships, limitations and uncertainty. In qualitative data, they identify
the essential elements, features or components. In quantitative data, they use mathematical

processes and algorithms. They identify data to support ideas, conclusions or decisions.

Study tip 4 Interpret evidence
Your assessments
in QCE Physics are
mapped to these
syllabus objectives.
The data test 5
(Lesson 1.10) assesses
objectives 2 to 4. The
student experiment

(Lesson 1.11) and

research investigation
(Lesson 1.12) assess
objectives 1 to 6. 6
The external exam

(Lesson 1.13) assesses
objectives 1 to 4.

Investigate phenomena

Students use their understanding of scientific concepts, theories, models and systems and
their limitations to draw conclusions and develop scientific arguments. They compare,
deduce, extrapolate, infer, justify and make predictions based on their analysis of data.
Evaluate conclusions, claims and processes

Students critically reflect on the available evidence and make judgements about its
application to research questions. They extrapolate findings to support or refute claims.
They use the quality of the evidence to evaluate the validity and reliability of inquiry
processes and suggest improvements and extensions for further investigation.

Students develop rationales and research questions for experiments and investigations.
They modify methodologies to collect primary data and select secondary sources. They

manage risks, environmental and ethical issues, and acknowledge sources of information.

Subject matter
The structure of the QCE

Physics course is laid out in the
i Physics General Senior Syllabus.

Unit 1 Unit 2 Unit 3 Uhaiie The course consists of four units.
J J J J Units 1 and 2 are completed in the
first year of the QCE Physics course
Thermal, nuclear Linear motion Gravity and Revolutions in and Units 3 and 4 in the second
and electrical physics and waves electromagnetism modern physics

FIGURE 3 The structure of the QCE Physics course

year. Each unit is divided into topics
and each topic can include science
understanding, science as a human
endeavour and science inquiry

subject matter. You should be familiar with these categories of understanding from your

studies in Years 7 to 10.

An overview of the QCE Physics units is shown in Figure 3, and Units 1 and 2 are
summarised in Table 1. Each unit has its own specific objectives, which are outlined in the

Unit 1 and Unit 2 openers.

TABLE 1 Topics in Units 1 and 2 Physics

Unit 1 Thermal, nuclear and electrical physics

Topic

1. Heating processes

2. Ionising radiation and

nuclear reactions

3. Electrical circuits

6 PHYSICS FOR QUEENSLAND UNITS 1 & 2

Description
In this topic, you will learn about:
* the kinetic particle model and specific heat capacity
* phase changes and energy conservation.
In this topic, you will learn about:
* the nuclear model and stability
* energy and mass defect.
In this topic, you will learn about:
* current, potential difference and energy flow

* circuit analysis and design.

OXFORD UNIVERSITY PRESS
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Unit 2 Linear motion and waves

Topic Description
1. Linear motion and force In this topic, you will learn about:
* linear motion
* classical mechanics
* energy.
2. Waves In this topic, you will learn about:

e wave properties

e sound

. light.

Source: Adapted from Physics 2025 vl.1 General Senior Syllabus © State of Queensland (QCAA) 2024

Assessment in QCE Physics

In Units 1 and 2, you can be assessed in several ways across the different topics. The syllabus

requires that you:

e complete at least two, but no more than four assessments

e complete at least one assessment for each unit
e are assessed on each unit objective at least once.

Many schools assess students studying Units 1 and 2 as they would for students studying
Units 3 and 4. This means that you will likely complete three assessment pieces and an

end-of-year examination or examinations. One possible structure of your assessment is
outlined in Table 2. Keep in mind that your school might choose to conduct the data test,
student experiment and research investigation in any of Units 1 or 2.

TABLE 2 Units 1 and 2 assessments

Unit and Assessment description
assessment type
Unit 1 Thermal, Students respond to items

nuclear and electrical | using qualitative data and/

physics: Data test or quantitative data derived
from practicals, activities
or case studies from Unit 1.

Unit 1 Thermal, Students modify (i.e. refine,
nuclear and electrical | extend or redirect) an
physics: Student experiment relevant to
experiment Unit 1 subject matter to

address their own related
hypothesis or question.
This assessment provides
opportunities to assess
science inquiry skills.

OXFORD UNIVERSITY PRESS

Assessment objectives

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

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

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

Describe ideas and findings about heating processes, ionising radiation
and nuclear reactions, and electrical circuits.

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

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

Interpret evidence about 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.
Investigate phenomena associated with heating processes, ionising
radiation and nuclear reactions, and electrical circuits.

MODULE 1 PHYSICS TOOLKIT 7
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Unit and
assessment type

Unit 2 Linear motion
and waves: Research

investigation

Units 1 and 2
examination(s)

Assessment description Assessment objectives

Students gather evidence Describe ideas and findings about linear motion and force, and waves.

related to a research Apply understanding of linear motion and force, and waves.

question to evaluate a claim Analyse data about linear motion and force, and waves.

relevant to Unit 2 subject Interpret evidence about linear motion and force, and waves.

matter. This assessment

b ol M

. . Evaluate processes, claims and conclusions about linear motion and
provides opportunities
; . . force, and waves.

to assess science inquiry ) ) S )

. . Investigate phenomena associated with linear motion and force,

skills and science as a d
and waves.

human endeavour (SHE)

subject matter.

Source: Adapted from Physics 2025 vl.1 General Senior Syllabus © State of Queensland (QCAA) 2024

You can use Lesson 1.10 Preparing for your data test, L.esson 1.11 Conducting your
student experiment, L.esson 1.12 Conducting your research investigation and Lesson 1.13
Preparing for your exams to guide you through these assessments. Note that science as
a human endeavour content will not be directly assessed in your examinations.

What are the science inquiry skills?

In addition to developing your science understanding in physics (which we will cover in
Modules 2 to 14), the QCE course requires you to develop and apply a range of science
inquiry skills. These skills are specified in the QCE Physics General Senior Syllabus and are
listed on the opening pages of this module. This module will help you develop these skills.

The science inquiry skills are applicable to all areas of study in Units 1 to 4 of the QCE
Physics course. They are especially important for preparing and planning for your data test,
student experiment and research investigation assessment tasks.

Check your learning 1.1

Check your learning 1.1: Complete these questions online or in your workbook.

Retrieval and comprehension Knowledge utilisation
1 Define the term “physics” in 10 words or less. 4 Investigate what role physicists may play in the
(1 mark) finance and business sectors. (2 marks)

Analytical processes

2 Distinguish between “problem-solving” and
“developing technology” as applied to the use
of physics. (2 marks)

3 Judge whether this is true: “Physics is said to be
an experimental science, so all physics theories
have to come from experiments.” (2 marks)

5 Evaluate the statement “physics is a practical
science”. Does it mean that all research has to
have a practical outcome such as saving energy
or making more powerful satellites? (2 marks)

6 Propose a response to this question from
a friend: “How can they say the Big Bang really
occurred when no one was there?” (1 mark)

7 Propose how physics might be used in
chemistry and biology, and how physics relies
on mathematics. (3 marks)

8 PHYSICS FOR QUEENSLAND UNITS 1 & 2 OXFORD UNIVERSITY PRESS
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Lesson 1.2
Considering First Nations perspectives

in Physics

Key ideas

— First Nations peoples have longstanding scientific knowledge.

— First Nations peoples have developed knowledge about the world by observing using all the senses,
predicting and hypothesising, testing (trial and error), and making generalisations within specific
contexts such as the use of food, natural materials, navigation and sustainability of the environment.

— Correctly acknowledging cultural and/or language groups, rejecting deficit discourse, avoiding
Eurocentrism and critically evaluating sources of information can help you to respectfully engage
with First Nations perspectives in QCE Physics.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions
e identify and implement strategies to manage risks, ethics and environmental impact, e.g. and success criteria

— cultural guidelines, protocols for working with the knowledges of First Nations peoples.
Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

D<{oslelleicIRl Thislesson is available on Oxford Digital.

Lesson 1.3
Understanding the scientific method

Key ideas

— The scientific method is an iterative and cyclic process.

— Research questions define the scope of an investigation. They can be used to develop
hypotheses that predict the outcome of the investigation.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: o )
. . . . L Learning intentions
e identify, research and construct questions for investigation and success criteria
e propose hypotheses and/or predict possible outcomes.

Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

(o 4{0yslelle[iCIRIM This lesson is available on Oxford Digital.
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Lesson 1.4
Planning investigations

Key ideas

— A method outlines the steps followed in an experiment and lists all of the materials
and equipment used.

— Valid and reliable measurements can be obtained by carefully designing your
investigation to collect sufficient data and minimise errors.

— All measurements include errors or uncertainties, either systematic or random. It is
important to consider these and implement strategies to minimise their effects when
planning your experiments.

@ Science inquiry skills

Learning intentions This lesson provides support for the following science inquiry skills:

and success criteria e design investigations, including the procedure/s to be followed, the materials required,
and the type and amount of primary and/or secondary data required to obtain valid and
reliable evidence, e.g.
— consider replicates, number of data points, and quality of sources

— identify the types of errors, extraneous variables or confounding factors that are likely
to influence results and implement strategies to minimise systematic and random error
e use appropriate equipment, techniques, procedures and sources to systematically and
safely collect primary and secondary data, e.g.
— laboratory and field techniques: measurement, and equipment calibration
— ICTs, scientific texts, databases, online sources

e suggest improvements and extensions to minimise uncertainty, address limitations and
improve the overall quality of evidence.

Source: Physics 2025 vl.1 General Senior Syllabus © State of Queensland (QCAA) 2024

(o4{0 s elleli=IRM This lesson is available on Oxford Digital.

Lesson 1.5
Considering safety and ethics

Key ideas

— Laboratory safety is important to prevent harm to yourself and those sharing the lab
space with you.

— Safety and ethics extend beyond the lab; you should be considering the broader
potential impacts of your experiment.

10 PHYSICS FOR QUEENSLAND UNITS 1T & 2 OXFORD UNIVERSITY PRESS
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Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions
¢ identify and implement strategies to manage risks, ethics and environmental impact, e.g. and success criteria
— workplace health and safety guidelines
— standard operating procedures.
Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

D4{o s lelleicIRA Thislesson is available on Oxford Digital.

Lesson 1.6

Collecting data

Key ideas

— Single experimental measurements are reported using best estimates, indicators of
measurement uncertainty and units.

— Scientific notation is used to easily express extremely large or small values.

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

— All measurements, information and observations should be recorded in your logbook.

Science inquiry skills @

Learning intentions

This lesson provides support for the following science inquiry skills:
and success criteria

e use scientific language and representations to systematically record information,
observations, data and measurement error, €.g.
— symbols, units and prefixes
— tables, graphs and diagrams
— logbooks
e translate information between graphical, numerical and/or algebraic forms.
Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

Worked examples

This lesson is supported by the following Worked examples:
¢ Worked example 1.6A Writing numbers using scientific notation
*  Worked example 1.6B Converting between units for physical quantities

D4{0 s [elleIIRA Thislesson is available on Oxford Digital.
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Lesson 1.7
Processing and analysing data

Key ideas

— Data is processed and analysed to identify trends, patterns, relationships, limitations
and uncertainty.

— Absolute and percentage uncertainty give an idea of the precision of measurements.
— Absolute and percentage error give an idea of the accuracy of measurements.
— Data can be summarised in a variety of ways, such as in a table, a scatterplot, or

a scientific diagram.

— Linearising data helps you to identify the exact relationship between variables.

@ Science inquiry skills

Learning intentions This lesson provides support for the following science inquiry skills:
and success criteria e use scientific language and representations to systematically record information,
observations, data and measurement error, €.g.

— indicators of measurement uncertainty and state measurement uncertainties as a range
() to an appropriate precision, e.g. when adding or subtracting, the final answer
should be given to the least number of decimal places, when multiplying or dividing,
the final answer should be given to the least number of significant figures

e use mathematical techniques to summarise data in a way that allows for identification of

relevant trends, patterns, relationships, limitations and uncertainty, e.g.

— mean

— gradient analysis

— discriminate between absolute and percentage error

¢ select and construct appropriate representations to present data and communicate
findings, e.g.
— summary tables

— scatterplots (with maximum and minimum trendlines and R?)

scientific drawings

e analyse data to identify trends, patterns and relationships

e extrapolate findings to determine unknown values, predict
outcomes and evaluate claims.

Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland
(QCAA) 2024

What information does data analysis
give us?

Once we have obtained our raw data, we are ready to process it.

This typically involves completing calculations and constructing
scatterplots. By transforming the data into more meaningful forms,

FIGURE 1 Analysing data, for example by using

mathematical techniques, helps us to draw we can analyse it to quantify uncertainty, identify limitations,
conclusions from an investigation. construct evidence-based arguments and draw conclusions.
12 PHYSICS FOR QUEENSLAND UNITS 1 & 2 OXFORD UNIVERSITY PRESS
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What are precision and accuracy?

A part of any physics experiment is to record and analyse your measurements for quality.
This is called an error analysis and is done by assessing both the precision and accuracy of
the experimental observations. Precision and accuracy mean very different things, so it is
important that these terms are used correctly. For a set of measurements:

e precision is the range of values found around the observed (measured) value, or how
close two or more measurements of the same object or phenomenon are to each other.
Precision may be represented as an absolute uncertainty or as a percentage uncertainty.
The higher the uncertainty, the lower the precision.

e accuracy is the difference between the best estimate or observed (measured) value and
the accepted (true) value of the observed quantity. Accuracy may be represented as an
absolute error or as a percentage error.

1 o
%
% x
x
¥ )
®

High accuracy Low accuracy High accuracy

Low precision

Low accuracy

High precision High precision Low precision

FIGURE 2 Accuracy (closeness to the centre) and precision (closeness to each other) are different concepts.

A low systematic error is likely to make the results of an experiment accurate and therefore

valid. A large systematic error would mean the experiment is not accurate and hence the
results would not be valid. Results with a low random error, and hence low uncertainty, are
said to be precise and thus reliable. LLow precision (high uncertainty) means the result is
imprecise and thus unreliable.

TABLE 1 Links between accuracy, precision and errors
Size of experimental error

Small
Large

Systematic error Random error

accurate, therefore valid precise, therefore reliable
not accurate, therefore lacks imprecise (low precision), therefore

validity unreliable

Systematic error affects accuracy and therefore validity. Random error affects precision

and therefore reliability. Both these concepts should be carefully considered when you analyse
your data. Understanding them helps you to analyse the uncertainty in your results. Let’s look

at some ways you can process your data to determine uncertainty.

How do you report repeated measurements?

Single measurements are reported using half-scale divisions. When you make repeated single
measurements, you need to complete additional calculations (i.e. process the data) to obtain
your best estimate. In this case, the best estimate is the mean (average) of your replicate
measurements.
The mean, X, is calculated by dividing the sum of the measurements by the number of
measurements taken:
—_ _Yx
X =

where x is a measurement and # is the number of replicates.

OXFORD UNIVERSITY PRESS
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precision

the range of values
found around the
observed (measured)
value; how close two
or more measurements
of the same object or
phenomenon are to
each other (i.e. the
“uncertainty” of the
measurement); the
higher the uncertainty
the lower the precision

accuracy

the difference
between the observed
(measured) value and
a currently accepted
value of a quantity

mean
the average of multiple
values

MODULE 1 PHYSICS TOOLKIT 13



absolute
uncertainty

the dispersion (spread)
of values around the
mean, Ox, reported

by half the range of
the measurements;

an indicator of

the precision of
measurements

Study tip

Absolute uncertainty
can be represented by
&x, or just dx to keep it
simple. Some sources
use the capital delta
and write Ax.

14 PHYSICS FOR QUEENSLAND UNITS 1 & 2
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Averaging your results gives you a single value (best estimate), but you need to also state
the spread of results around this value. This is called the uncertainty of the results and can be
expressed as absolute or percentage uncertainty.

How do you calculate absolute uncertainty?

Absolute uncertainty (0x) is the dispersion (spread) of values around the mean, reported by
half the range of the measurements. It gives you information about the precision of your results.
It is calculated by subtracting the highest from the lowest value and dividing by two:

X - X _.
ox = ii( == £
where x___is the largest value and x__ is the smallest value.

As when reporting single measurements, you would report your result as the best
estimate T uncertainty. Say you measured the diameter of a piece of wire four times using a
vernier calliper. We often do this because wire is not always perfectly round, so measurements
are taken at different angles around a point on the wire. Let the readings be 0.602 mm,
0.62mm, 0.62mm and 0.654 mm. The best estimate is the average (mean) of 0.6475mm
and the range is 0.60 — 0.65 = 0.05 mm. Half the range of 0.05mm is 0.025 mm, so
0x = 0.025 mm. The results are 0.6475 = 0.025mm. However, using the following rules, this
would be reported as 0.65 + 0.03 mm.

How to quote uncertainties

The function of uncertainties is to quantify the interval in which the true value of the
measurement lies. There is no point in quoting the uncertainty to more than one or two
significant figures, and usually one significant figure is enough. Often your calculation for
uncertainty will give you many digits, as shown above. The rule is to round the uncertainty to
one significant figure (or two if the first figure is a “1”). For example, say you calculated the
mean of a set of distances to be 123.456 m and the uncertainty to be 0.789m. You would round
the uncertainty to 1 s.f. or 0.8 m, and then round the best estimate (mean) value to the same
number of decimal places (1 d.p.). You would then state the measurement as 123.5 + 0.8 m.

Where your best estimate (mean) has an uncertainty that starts with a “1”, such as in
0.167 m, you would round this to two significant figures (0.17) and round your best estimate
to the same number of decimal places (2 d.p.). For example, if a best estimate (mean) was
9.234ms™! and the uncertainty was 0.167 ms™, you would show your uncertainty to 2 s.f.
as 0.17ms™! and then round the best estimate to 2 d.p. or 9.23 ms™*. You would report your
measurement as 9.23 + 0.17ms..

The same rule applies to percentage uncertainty: round the uncertainty to one significant
figure (or two if the first figure is a “17).

Worked example 1.7A

Calculating the mean value and the absolute uncertainty

The diameter of a wire was measured four times using a digital vernier calliper that

has a resolution of 0.01 mm. The readings were 0.72mm, 0.75mm, 0.70 mm, 0.73 mm.
Calculate the mean and the absolute uncertainty, and report your final answer correctly.
(2 marks)

OXFORD UNIVERSITY PRESS

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 29/10/2024 under licence.

e 0

Step 1: Look at the cognitive verb and mark allocation = “Calculate” means to determine or find a number or answer by

to determine what the question is asking you to do.

using mathematical processes. We are being asked to calculate

the mean and absolute uncertainty. The question is worth

2 marks, so we must correctly apply the formulas to complete the

calculations and express the answer correctly.

Step 2: Select the appropriate equations and gather x= Z_yf
any data required. (x —x )
y q b = + o o
x . =070mm;x_ =0.75mm;n=4
Step 3: Substitute the known values into the formulas ¥ = 0.72 +0.75 + 0.70 + 0.73
. - 4
and solve for the final answers. - 0725
0.75 - 0.70
o5 = + 02010

=10.025

Step 4: Report your final answer as the best estimate
(mean), absolute uncertainty, and the correct units.
Make sure you use the correct number of significant
figures in the mean and the same number of decimal
places in the uncertainty.

1 mark for correct absolute uncertainty)

places as the uncertainty, so it becomes 0.73 mm.

The absolute uncertainty is rounded to 1 s.f. (as it doesn’t start
with a ‘1), so it is 0.03mm (remembering that “5 rounds up”).
The mean is then rounded to 2 d.p., the same number of decimal

The final answer is 0.73 * 0.03mm. (1 mark for correct mean;

The distance travelled by a projectile was measured with a metre ruler marked in 1 mm increments.
The distances were 52.0 mm, 58.5 mm, 49.5 mm, 52.0 mm, 56.5 mm. Calculate the mean distance and

the absolute uncertainty, and report your final answer correctly. (2 marks)

Which uncertainty value do you report?

You have learnt that uncertainty for single measurements is reported as the half-scale division
or resolution of the measurement instrument. When dealing with measurements that rely on
reaction time, there is also the reaction time uncertainty to consider when reporting data.
What if these values are larger than the absolute uncertainty? Which value should you use?

The rule is that the uncertainty value you report should be the largest one. This is because
we don’t want to underestimate the uncertainty of the result. This would make the result
appear more precise and reliable than is justified or warranted.

Uncertainty for periodic motion

In “Your turn” for Worked example 1.7B, the period (time) for one oscillation was measured.
Often, with periodic motion such as this, we measure the time for 10 oscillations and divide
by 10. The reaction time uncertainty of 0.2s is spread over 10 periods of time, so instead of it
being 1.28 * 0.2 s for one oscillation, it would be 12.8 £ 0.2 for 10 oscillations, or

1.28 £ 0.02s for the one oscillation. This reduces the percentage uncertainty from 16% to
1.6%. You will use this technique if you do pendulum experiments, or in the “Gravity and
motion” topic in Unit 3, in which you will perform circular motion experiments.

OXFORD UNIVERSITY PRESS
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Study tip

Like uncertainty for
single measurements,
the absolute
uncertainty is
reported to the same
number of decimal
places as the best
estimate (mean).

Study tip

You should compare
the uncertainty based
on the size of half-
scale division of the
instrument with the
uncertainty based on
the calculation using
half the maximum
minus the minimum.
When you report
your final answer,
always take the larger
uncertainty of the two.
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Worked example 1.7B

Calculating the mean and uncertainty for stopwatch measurements

A ball is dropped from a set height and the time taken to fall was measured using a digital stopwatch. The
readings were 1.12s, 1.05s, 1.155,0.955s, 1.00s, and 1.20s. The uncertainty for a hand-held stopwatch is 0.2s.

Calculate the mean and uncertainty and report your final answer correctly. (2 marks)

e

“Calculate” means to determine or find a number or answer by using

Step 1: Look at the cognitive verb and mark
allocation to determine what the question is
asking you to do.

Step 2: Select the appropriate equations and
gather any data required.

Step 3: Substitute the known values into the
formulas and solve for the final answers.

Step 4: Recognise that reaction time error is
relevant and consider it when reporting your
measurements. Select the largest value and
adjust uncertainty as required.

Step 5: Report your final answer as the
best estimate (mean), uncertainty, and the
correct units. Make sure you use the correct

mathematical processes. We are being asked to calculate the mean and

uncertainty. The question is worth 2 marks, so we must correctly apply the

formulas to complete the calculations and express the answer correctly.

x_..=1.20mm;x_ =095mm;n=26

= 1.12+1.05+1.15+0.95 + 1.00 + 1.20
- 6
= 1.0783
1.20 - 0.95
o = + 1202099

=10.125
Reaction time error = £0.2s
Digital stopwatch resolution = £0.01s
Absolute uncertainty = £0.125

The reaction time error is the largest.

Uncertainty is expressed to 2 s.f. as it starts with a “1”, so it is 0.13s.

However, the reaction time uncertainty is 0.2s, so we will just report this.

The mean has to have the same number of d.p. as the uncertainty, so the

number of significant figures in the mean.

final answer is 1.1 * 0.2s. (1 mark for correct mean; 1 mark for correct

absolute uncertainty)

A pendulum consisting of a brass bob on a 2.00m string is pulled to one side and allowed to swing for one
complete oscillation (back and forth). The duration of one oscillation was timed using a digital stopwatch.
This was repeated and the readings were 1.28s, 1.26s, 1.29s and 1.30s. Use an uncertainty of 0.2s for the
stopwatch. Calculate the mean and uncertainty, and report your final answer correctly. (2 marks)

standard
deviation

a measure of the
amount of variation
of a set of data values

16 PHYSICS FOR QUEENSLAND UNITS 1 & 2

How do you calculate standard deviation?

When we deal with a small set of values (as is typical in senior Physics), absolute uncertainty
may not be so useful. A large spread could arise because a single reading is very different
from the others. An alternative is to report the standard deviation (SD, or sigma, ©).

This is calculated using the following formula or the “stdev.s” function in Excel:

For example, the SD of the four results for the diameter of a piece of wire (0.62 mm,
0.63mm, 0.63mm, 0.64mm) using “stdev.s” is 0.008 mm. Therefore, the results could also
be reported as 0.63 £ 0.008 mm. A low SD means the data points tend to be close to the mean
of the dataset and your data is precise; a high SD indicates that the data points are spread out
over a wider range of values.
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SD is highly unlikely to appear in your data test, but you could use it in your student
experiment to identify errors and outliers, and to evaluate the reliability of your results.
Expressing uncertainty using absolute uncertainty is more common in physics.

How do you calculate percentage uncertainty?

Once you have collected the data, you may need to transform it in some way or apply a
formula to it to calculate other quantities. For example, if you gather mass, time or voltage
data, you can calculate speed, acceleration, density or resistance, and compare these
calculated values with accepted (true) values.

If you add, subtract, multiply or divide the data, you can propagate uncertainty through
your calculations. First, you may need to get the data into the right form. Often, this can
involve different units and scales, so absolute uncertainty may no longer be useful. You will
need to make adjustments to take into account the calculations you have performed, and the
value you use may instead be percentage uncertainty.

Percentage uncertainty (8%) is calculated by dividing the absolute uncertainty by the
observed measurement and multiplying the result by 100 to give a percentage:

absolute uncertainty (%)
observed measurement (x,)

-
:x—ix 100

8% = x 100

Reporting percentage uncertainty

When percentage uncertainty is reported, the format is:
1 observed measurement (best estimate)

2 unit symbol

3 * the percentage uncertainty.

Worked example 1.7C

outlier

a value data point that
is much smaller or
larger than most of the
other values in a set of
data; often quantified
as being greater

than three standard
deviations from the
mean

percentage
uncertainty

an indicator of
uncertainty in which
the range of values
for a measurement
result (the absolute
uncertainty) is
expressed as a
percentage of the
observed measurement

Study tip

In the QCAA Formula and
data book, this equation
is shown as:

Percentage uncertainty (%)

_ absolute uncertainty

measurement x 100
Calculating percentage uncertainty
Calculate the percentage uncertainty for each measurement and report your final
answer correctly.
a A digital multimeter reading of 0.818 V and an absolute uncertainty of £0.001V
(2 marks)
b A voltmeter reading of 0.75 £ 0.05V (2 marks)
e Do
Step 1: Look at the cognitive “Calculate” means to determine or find a number or answer
verb and mark allocation to by using mathematical processes. We are being asked to
determine what the question is calculate the percentage uncertainty. The questions are worth
asking you to do. 2 marks each, so we must correctly apply the formula to
complete the calculation and express the answer correctly.
Step 2 Select the appropriate 5% = 2_9: % 100
equation and gather any data _
. a x,=0.818, 6x = 0.001
required. _
b x,=0.75,0x = 0.05 S
OXFORD UNIVERSITY PRESS MODULE 1 PHYSICS TOOLKIT 17

This work must not be reproduced, stored, transmitted or circulated in any other form.



ﬂo Campion Education (Aust) Pty Ltd on 29/10/2024 under licence.

Study tip

When calculating
percentage
uncertainty

for repeated
measurements,
“measured

value”, “observed
measurement”,
“observed value”,
“experimental value
and “best estimate”
are the same thing.

”

18 PHYSICS FOR QUEENSLAND UNITS 1 & 2

I

Step 3: Substitute the known a 6% = gg?gl; x 100
values into the formula and solve = +0.122%

for the final answer. b 5% = ggg x 100

=%6.67%

Step 4: Report your final a 0% = 0.122, so, using the rule, round to 2 s.f. to become

answer as the best estimate 0.13, then express 0.812 to the same number of d.p. as 6x
(2 d.p). Report final answer as 0.82V £ 0.13%. (1 mark

for correct uncertainty; 1 mark for correct reporting)

(mean), uncertainty, and
the correct units.
b 8% = 6.67, so, using the rule, round to 1 s.f. to become
7%, then express 0.75 to the same number of d.p. as 86X
(2 d.p.). Report final answer as 0.75V * 7%. (1 mark for
correct uncertainty; 1 mark for correct reporting)

Calculate the percentage uncertainty for each measurement and report your final

answer correctly.

a A digital multimeter reads the resistance of nichrome wire as 24.5() with an
absolute uncertainty of 0.1 Q. (2 marks)

b A spring balance gives a reading of 15.5 £ 1N. (2 marks)

Percentage uncertainty in temperature calculations

All percentage uncertainty calculations for temperature readings should be completed in
kelvin (K). This means you need to convert all Celsius temperatures (7, to kelvin (7',) before
performing the calculation. The formula to convert Celsius to kelvin is T}, = T, + 273.

To understand why, let’s consider the following: what would the percentage uncertainty be
for the temperature of an ice cube measured at 0.0°C? If the absolute uncertainty was +0.5°C,
the percentage uncertainty would be % x 100 = infinity. This is clearly wrong and does not
make sense.

TABLE 2 Estimating uncertainty with temperature

Measurement Celsius Kelvin
Best estimate and 5.0 £ 0.5°C 278 £ 0.5K
absolute uncertainty
Percentage uncertainty % X 100 = 10%. This is incorrect. % %X 100 = 0.2%. This is correct.

How is uncertainty propagated in calculations?

Uncertainty can be propagated through calculations. Because you will be multiplying, dividing,
adding and subtracting data, the uncertainty needs to have mathematical operations performed
on it as well. Therefore, when you complete calculations with multiple measurements, you need
to consider the uncertainties of each measurement. The following rules apply:
e When you add or subtract measurements, add absolute uncertainties (see Worked
example 1.7D).
¢ When you multiply or divide measurements, add percentage uncertainties (see Worked
examples 1.7E and 1.7F).
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Worked example 1.7D

Calculating uncertainties involving subtraction

When a piece of heated brass was placed in 50.0 g of water at 25.0°C, the temperature of the water rose to
33.5°C. The temperature was measured with an analogue thermometer with 1°C divisions. Calculate the

change in temperature and the percentage uncertainty of the result, and report it correctly. (3 marks)

T T

Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: Select the appropriate equation(s) and gather any
data required. An analogue (print) scale is used, so the
uncertainty is the half-scale division.

Step 3: Substitute the known values into the formula(s) and
solve for the final answer(s). Subtraction is used to obtain
this value, so the absolute uncertainties must be added.
The absolute and percentage uncertainties are rounded to
2 s.f. as they start with a “1”.

Step 4: Report your final answer as the best estimate
(mean), uncertainty, and the correct units. Note: the

absolute uncertainty is to 2 s.f. (1.0°C) as it starts with a “17,

which means it has 1 d.p. The best estimate must also then
be expressed to 1 d.p. to match, so it is 9°C. The percentage
uncertainty has the same number of s.f. (2) as the absolute
uncertainty, so it is 12%.

“Calculate” means to determine or find a number or answer
by using mathematical processes. We are being asked
to calculate the change in temperature and percentage
uncertainty. The question is worth 3 marks, so we must
gather the correct information and correctly apply the
formula to complete the calculations.
8% =3 x 100
uncertainty = m = % =10.5°C
X, =AT=T-T,
T,=35.5°C, T,=25.0°C
AT =355-25.0

= 8.5°C (1 mark)
ox =0.5+0.5

=*1.0°C
8% =52 x 100

= 111.76% rounded to 12% (1 mark)
9 * 1.0°C, which is expressed as a percentage as 9°C * 12%
(1 mark)

A piece of copper measures 23.5 = 0.5mm long and 15.0 = 0.5 mm wide. Calculate the perimeter (3 s.f.)

and percentage uncertainty, and express your answer in “best estimate, percentage uncertainty, unit symbol”

format. (3 marks)

Worked example 1.7E

Calculating uncertainties involving multiplication

A golf ball has a mass (as measured on a digital scale) of 46.93 = 0.01 g. The golf ball is raised to a vertical

height of 755.0mm (as measured on a metre ruler that is calibrated in 1 mm divisions). Calculate the
gravitational potential energy (E,) of the ball (E, = mgh and g = 9.807ms™). Report your answer in the

correct format, showing the percentage uncertainty. (3 marks) 3
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“Calculate” means to determine or find a number or answer

Step 1: Look at the cognitive verb and mark allocation to
determine what the question is asking you to do.

Step 2: Select the appropriate equation(s) and gather any
data required. A mix of digital and analogue scales were
used, so you will use the resolution and half-scale division.

Step 3: Convert mass and height to SI units. In this case
divide the mass in grams (g) by 1,000 to get kilograms (kg);
and divide the height in millimetres (mm) by 1,000 to get
metres (m). Substitute the known values into the formula(s)
and solve for the final answer(s). Multiplication is used,

so the percentage uncertainties must be added.

Step 4: Report your final answer as the best estimate
(mean), uncertainty, and the correct units.

Note: this is a difficult one, as the uncertainty is so small.
The absolute uncertainty would be

0.15% % 0.3475 = 0.00052.

This does not start with a “1” so use 2 s.f., so the %
uncertainty would have 2 s.f. as well (= 0.15%). The best
estimate should then have the same number of d.p. as the
absolute uncertainty (5), but this is not reasonable as there
are only 4 s.f. in each of the original measurements. The
best we can do is leave the best estimate at 0.3475 and the

% uncertainty as 0.15%.

by using mathematical processes. We are being asked to

calculate the gravitational potential energy and percentage

uncertainty. The question is worth 3 marks, so we must

correctly apply the formulas to complete the calculations.

8% =X x 100
(¢}

uncertainty (digital scale) = resolution
resolution _

uncertainty (metre ruler) = 3

x, = E, = mgh, g = 9.807ms™>

1
2

+0.01g

=+0.5mm

m=46.93g, g=9.807ms>2, 2 =755.0mm

_ 46.93 755.0
E, =71500 % 9-807 X 1,550
=0.3475] (4 s.f.) (1 mark)
5% (digital scale) = ;55 X 100
=10.085%

8% (metre ruler) = % X 100
=10.066%
8% = 0.085 + 0.066
=10.15% (1 mark)
0.3475] £ 0.15% (1 mark)

A piece of copper (measured using a metre ruler marked in 1 mm increments) is 34.5mm long and 25.0 mm wide.
Calculate its area and report the answer with the absolute uncertainty. Use the correct number of significant

figures and units. (3 marks)

Study tip

You can convert Worked example 1.7F

between absolute

and percentage Calculating uncertainties involving division

uncertainty by
rearranging the 8%

The winning time for the 100 m sprint in a recent Olympic Games was 9.81s.

formula. For uncertainties in this measurement, assume the time was 9.81 £ 0.01 s and the
distance was 100.0 = 0.1 m. Calculate the average speed and absolute uncertainty,
and report your answer in the correct format. (3 marks)
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Step 1: Look at the cognitive verb and mark allocation to “Calculate” means to determine or find a number or

determine what the question is asking you to do. answer by using mathematical processes. We are being
asked to calculate the speed and absolute uncertainty.
The question is worth 3 marks, so we must correctly
apply the formulas to complete the calculations.

Step 2: Select the appropriate equation(s) and gather any o) _ OX
8% =5%-% 100

data required. The uncertainties for each measurement ° .
uncertainty (time) = £0.01s

are provided. ) )
uncertainty (distance) = +0.1m

=y=4
X, =V=7

d=100.0m, z=9.81s

Step 3: Substitute the known values into the formula(s) 0= 1903-10
and solve for the final answer(s). Division is used, so the — 16 2ms! (1 mark)
percentage uncertainties must be added. 8% (time) = g:gi % 100
=%10.1%
8% (distance) = 7055 ¥ 100
=%0.1%
8% =0.1+0.1
=210.2%
Step 4: The question asks for absolute uncertainty, so we will &% = 5% o x
. . 100
need to convert it from percentage uncertainty. 0.2 ©
=700 % 10.2

=0.02ms™! (1 mark)
Step 5: Report your final answer as the best estimate (mean), 10.2 + 0.02ms™! (1 mark)
uncertainty, and the correct units. Make sure you use the
correct number of significant figures in the mean. The
absolute uncertainty in velocity is 0.0204, which is expressed
with 1 s.f. as 0.02, as the first number is not a “1”. This means
the velocity should have 2 d.p. but can’t as there are just 3 s.f.
in the original measurements, so we leave it as 10.2ms.

A cube of iron, of 62.99 *+ 0.01 g mass, measures 2.000 £ 0.001 cm along each side. Calculate its density
(p= Im/) in gcm™ and absolute uncertainty, and report your result in the correct format. (2 marks)

5
How do you calculate errors? study tip

. . .. The term “accepted
We have seen that uncertainty is used to express the precision of a set of measurements. result” is also called
However, students often find their results are different from the accepted result, even though “true value”. All this

means is that it is

. . . . accepted by the
could. This measurement discrepancy is known by the term “error” and is a measurement of scientific community.

the accuracy of a result. Error can be represented as absolute error or percentage error.

they performed the experiment as carefully as possible and read the instruments as best they

Absolute error (E) is the difference between the observed (measured) value (x,) and the absolute error

accepted (true) value (x,). It is a measure of the accuracy of a result. the difference
between the observed

absolute error = measured value — accepted value (measured) value and
the accepted (true)
_ value
Ea - | xO - xA |
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percentage error
the absolute error
expressed as a
percentage of the
accepted (true) value

Study tip

Absolute and
percentage
uncertainty are

measures of precision.

Absolute and
percentage error are

measures of accuracy.

ﬂo Campion Education (Aust) Pty Ltd on 29/10/2024 under licence.

The straight lines (modulus signs,|) in the equation indicate the “absolute value”, which
means the sign (+/-) of the answer is ignored.

Percentage error (E%) is the absolute error expressed as a percentage of the accepted
(or true) value.

d value — true value % 100
true value

x 100

percentage error = ‘meagure
X0 T *a
xA

E% =

Ea
. % 100

When you express errors, you should use the least number of s.f. used in the observed
or accepted value, unless otherwise specified.

Worked example 1.7G

Calculating absolute and percentage error

A student measured the acceleration due to gravity as 9.73 ms™. The accepted value at
their location is 9.813 ms=. Calculate the absolute and percentage errors. Express your
answer to 1 s.f. (2 marks)

S R

Step 1: Look at the cognitive verb and mark “Calculate” means to determine or find a
allocation to determine what the question is number or answer by using mathematical
asking you to do. processes. We are being asked to calculate the

absolute and percentage errors. This question is
worth 2 marks, so we must correctly apply the
formulas to complete the calculations.

Step 2: Select the appropriate equation(s) and E =|x,~x,|

gather any data required. E

E% = x—A x 100

X, =9.73ms?, x, = 9.813ms™

Step 3: Substitute the known values into the E =19.73 - 9.813|
formula(s) and solve for the final answer(s). =]-0.083]|

=0.083

E% =238 % 100

=0.846%

Step 4: Finalise your answer(s) and make sure E =0.08ms (1 s.f) (1 mark)

you use the correct number of s.f. and units. E% =0.9% (1 s.f) (1 mark)

The resistance of a 1.00m length of nichrome wire was found to be 8.44 (), whereas the
accepted value is 9.12 Q). Calculate the percentage error (1 s.f.). (2 marks)

Challenge

A carbon resistor of nominal resistance 330 () is manufactured to a tolerance of 5%.
This is the maximum percentage error. Determine the range of resistances that
a resistor marked 330 () may have. (2 marks)
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How can you present your results?

Once you have finalised your measurements and uncertainties, you can use summary tables
and graphs to present the data. Both are useful to help you clearly observe relationships
between variables.

Summary tables

Whereas a data table states what has been measured and presents the raw data, a summary
table can bring together processed data. Sometimes, summary tables for simpler
investigations will present measurements, but they generally also show values such as mean,
values derived from calculations and even absolute or percentage uncertainty. For example,
the data table in Figure 7 of Lesson 1.6 could be further summarised by removing the
observations and only including the mean and uncertainty values for each trial. Summary
tables present the most important information for later analysis.

Scatterplots

Graphs are useful to show how one quantity depends on another. On a graph, the horizontal
x-axis is where the IV (or the cause) is plotted. The DV (or the effect of that cause) is plotted
on the vertical y-axis. All graphs should include:
e a graph title that succinctly describes what the graph is showing (typically includes the IV
and DV)
e clearly labelled axes, including units of measurement
e equally spaced units of measurement along the axes (scaling)
e axes that start at zero (wWhere possible)
e data plotted within the confines of each axis
e distinguishing symbols, colours or keys when more than one dataset is plotted on
a single graph
e absolute uncertainty (where relevant) as error bars; do not use percentage uncertainty
value for absolute uncertainty
e atrendline that fits between all error bars (see below).
By analysing the shape of your graphs, you can construct arguments about the relationship
between variables.

How do you graph linear relationships?

A linear relationship produces a straight line when graphed. The variables being measured
can be directly proportional (i.c. the straight line goes through the origin (0, 0)) or not
directly proportional (i.e. the straight line does not go through (0, 0)).

Consider an experiment to determine how much a certain rubber band stretches when
masses are hung vertically from it. The single measurements are shown in Table 3.

TABLE 3 Data obtained from a rubber band experiment

Independent variable: mass, m (g) 0 20 40 60 80
Dependent variable: stretch, d (mm) 0 10 21 28 42

When the points are plotted, it is obvious that the relationship is linear and directly
proportional. Note that each point is plotted as a dot (or cross) that is big enough to still be
seen once a line of best fit or trendline is drawn. The trendline has as many points on the

OXFORD UNIVERSITY PRESS
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Study tip

The term “error bars”
implies that they

are to do with the
accuracy of a data
point. They are not -
they are about the
uncertainty of results
around that data
point. Some teachers
prefer to call them
“uncertainty bars”
although Excel calls
them “error bars”.

directly
proportional
relationship that is
linear and the line
goes through the
origin (0, 0)

trendline

a line of best fit which
shows the general
direction that a group
of points seem to
follow
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line as possible. There are usually some points that do not sit exactly on the line, so the line

anomaly should be drawn with the same number of points below it as above it.

a false data point often Scientists and engineers use a complex mathematical procedure to determine where

the result of a faulty
observation or wrong

the trendline should be. Any point that is a long way out of place is called an outlier or an

equipment anomaly, and could be false. Outliers “lie outside” (are 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. There are mathematical ways

Stretch vs mass added

45 3 of deciding whether the value is within the acceptable range for

40 that set of data points. In general, outliers are discarded if they
R 35 Trendline are more than three standard deviations away from the mean.
g 30 ® An anomaly is something that deviates from what is standard,
= ® normal, or expected. It is not a legitimate value and is produced
§ 20 by an artificial process (such as mistakes in the method, wrong
@ 15 equipment or a badly recorded result).

1(5) Any individual outlier or anomaly should be noted and the

0 reasons for its existence can be discussed — but it should not
0 20 40 60 80 100 be used for the trendline. If the trendline is straight and goes
Mass added (g) through the origin (as in Figure 3), it takes the general form of
FIGURE 3 Graph showing a directly proportional y o< x. The proportional sign (e) can be replaced by an equals
relationship between stretch and mass added sign and a constant () to give:
y=mxory=mx+c

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

the slope of a graph

or point where the line cuts the y-axis when x = 0.

In the graph of stretch versus mass (Figure 3), the intercept ¢ is zero. The gradient is

found by dividing the change in the y value by the change in the x value for the same section

Study tip of the line. This can be written as:

You might find it change in y

easier to remember = change in x

the gradient as “rise Ay

over run”, where “rise” = Ax

refers to the change v, -y

in the y-axis values = xz - xl

and “run” refers to the o

change in the x-axis The gradient of the graph in Figure 3 is given by m = 38 - 8 = 0.5mmg, and the

values.

intercept ¢ is zero. Thus, for every 1g change in mass (x-axis), the rubber band changes

by 0.5mm in length (y-axis).

There are four important points to remember:

e Don’t force the line to go through the origin; it should go through the middle of the

data points, with as many points above it as below it.

e Use the x and y coordinates of points on the trendline to calculate the gradient.

¢ Use points as widely separated as possible to get the most accurate value for the

gradient.

¢ Gradients have the y-axis unit divided by the x-axis unit.

Worked example 1.7H

Determining the relationship between variables

The position of a car on a road was noted every 5 seconds and the data in Table 4 was obtained.
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TABLE 4 Data obtained from the experiment

Time, t (s) 0 5 10 15 20
Distance, s (m) 16 23 | 34 | 41 50

Sketch a graph of the data with the independent variable on the x-axis. (3 marks)
Calculate the average velocity (gradient or slope). (2 marks)

Identify the y-intercept. (1 mark)

Derive the equation for the line. (1 mark)

Explain whether or not the graph is directly proportional. (1 mark)

-0 o 6 o ®

Determine the distance travelled at 25s, assuming the velocity is constant. (1 mark)

e -

Step 1: Look at the cognitive verb(s) and mark A variety of cognitive verbs are used in this question. “Sketch”
allocation to determine what the question(s) are asking means to represent using a diagram or graph. “Calculate” means
you to do. to determine or find a number or answer by using mathematical
processes. “Identify” means to locate or recognise and name.
“Derive” means manipulate a mathematical relationship to
give a new equation. “Explain” means to describe in more
detail. “Determine” means to establish after calculation.
These questions are worth a variety of marks.

Step 2: To sketch the graph, draw and label the axes

a
with the IV (time) on the x-axis and DV (distance) 0 Distance vs time elapsed
on the y-axis. Include units! Plot each data point and
draw a trendline. 50 )

- Trendline
g 40
3 );/
£ 30
5 20 ./ /1)
10
0
0 5 10 15 20 25
Time (s)
(3 marks)
Step 3: To find the gradient, select the appropriate b _ Ay
. . . . m="Ax
equation. Determine the change in y and change in x Ay=50-16
for two widely separated points on the line. You can =34
use x = 0 as one of the points. Ax=20-0
= 20s (1 mark)
Step 4: Substitute the known values into the formula m= g—g
and solve for the gradient. =1.7ms"' (1 mark)
Step 5: Read the intercept off the y-axis and include ¢ ¢=16m (1 mark)

the units. We can also obtain this value from Table 4.

Step 6: To find the equation for the straight line, select d y=mx+c¢

the appropriate equation. You can substitute y and x s = 1.7t + 16 (1 mark)
for DV and IV, respectively.

Step 7: Directly proportional means the graph has an e The graph is linear but not directly proportional as it does not

intercept of zero (¢ = 0) and a relationship y = mx. go through (0, 0). The y-intercept occurs at 16 m. (1 mark)
Step 8: Use the equation for the line and substitute in f s=1.7t+ 16
the value for z. = (1.7%x25) + 16
=58.5m (1 mark) 4
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X Vour turn’

Students performed an experiment in which they connected a power supply across a resistor. As the voltage
(V) in volts (V) was increased, they recorded the current (I) in amperes (A) passing through the resistor.
Their results are shown in Table 5.

TABLE 5 Data obtained from the experiment

Voltage, V (V) 2.0 4.0 6.0 8.0 10.0
Current, I (A) 7.7 13.6 20.8 26.2 33.0

Sketch a graph of the data with the independent variable on the x-axis. (3 marks)
Calculate the gradient and state its units. (2 marks)

Identify the y-intercept. (1 mark)

Derive the equation for the line using symbols I and I for the variables. (1 mark)
Explain whether or not the graph is directly proportional. (1 mark)

Determine the current at 9.0 V. (1 mark)

- e a6 o B

How do you graph 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 6.

TABLE 6 Examples of common non-linear relationships

Type of relationship Equation(s)

Power Yo x4
e inverse (a=-1):yocxloryoc %
e inverse-square (@ =-2): y o< x720ry e %
e square or parabolic (a = 2): y o< x2
* squareroot (a = %): Y oe X2 OF Y o< VX

Exponential y o< e®ory =y e (natural exponential)
where y, is the y-intercept, e is the “natural” base (2.718) and & is a constant

Logarithmic yoc 10*

Power relationships
Inverse relationship 250

. . . "
In an inverse relationship, y o< x7! or 200d e

Volume vs pressure

ye< %, where the power ais —1.
Consider a case in which the volume

_.

7

S
/

Volume (mL)

of gas in a syringe is measured as the 100

pressure on the syringe is increased by 50

adding weights to the plunger. This is ——— o
0

an inverse relationship (also called an 0 50 100 150 200 250 300
inversely proportional relationship), Pressure (kPa)

shown in Figure 4. FIGURE 4 Graph showing an inverse relationship
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Inverse-square relationship Force vs distance
45
In an inverse-square relationship, y o< x 2 or y e #, where the w0l e
power a is —2. It looks similar to an inverse relationship but has 35 ‘
a much sharper bend. This type of relationship is very common 10 "\
. . . . . . . . [y !
in physics. For example, the variation in gravitational force with & 55 '.\
. . . 0]
distance is given by F o< % £ 20 'll\*
There is also the inverse-cube relationship, y o< x73 or 15 " >
. .. . Yoo x
Yo %, where the power a is —3. This is not as common in 10 .
physics, but you may find it explains the relationship for force 5 P \:_\“\#;
between two magnets at certain distances. Figure 5 shows both 0 0 T ] ] i ? T

the inverse square (solid line), and the inverse cube (dashed line)
relationships, so you can see the inverse cube is sharper.

Distance (cm)

FIGURE 5 Graph showing inverse-square and

Square (parabolic) relationship inverse-cube relationships

In a square or parabolic relationship, y «< x2, where the power

a is 2. It is the most common non-linear relationship you will o Distance vs time elapsed
encounter, along with inverse. An example is the relationship 100

between the distance a rock has fallen from the top of a cliff g %0

and the time elapsed. The data in Table 7 shows these variables é 60

and Figure 6 shows a graph of the distance against the time. g 40 /“,

TABLE 7 Parabolic data 20 _M
0 ¢ T

Time, t (s) 0 1 2 3 4 5
Distance, s (m) 0 4 16 36 64 100

Time (s)
FIGURE 6 Graph showing a parabolic relationship

Other phenomena that exhibit parabolic relationships are
the paths of comets (except Halley’s Comet, which is elliptical), 25
and the shape of curved mirrors in telescopes and projectiles _—1
(e.g. arrows in flight). pad

Speed vs height

[\ ]
(=)

\

e

Square root relationship

—_
(=}

Speed (ms™)

In a square root relationship, y o< X7 or Y o< vx, where the power
ais % A square root relationship can be demonstrated by letting
a ball roll down a ramp. The speed at the bottom of the ramp, v, 0
varies with the square root of the height, %, of the ramp (v o< VA),

as shown in Figure 7.

w

0 10 20 30 40 50 60 70
Height of ramp (cm)

FIGURE 7 Graph showing a square root relationship
Exponential relationships

The exponential relationship is given by y = a*. The “natural” 14,000 Intensity vs time elapsed
exponential function is a version of this: y o< e* or y = y e, .

where the a value is e, the “natural” base (2.718), the symbol % ~ 10,000

is a constant (—% for decay, +k for growth), and ¢ is time elapsed. g £.000

Physics has some quantities that are related exponentially. For E 6000

example, in a radioactive substance, the number of radioactive g 4’000 \"\

atoms remaining follows natural exponential decay (as long as g "'\“\

the remaining number of atoms is large). The breakdown (decay) 2000 Tt —

of a radioactive substance is given by intensity = ¢~*. This is 0 0 2 3 4 5 6 7
shown in Figure 8. Time (days)

FIGURE 8 Graph showing a natural exponential decay
relationship
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Study tip

Make simple labelled
drawings of each
graph shape. This will
help you to identify
them quickly when
you plot your own
data or see them in
an exam. These can
also be found in the
summary at the end
of this module.

linearising

the process of
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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Logarithmic relationships 1020 Decibels vs intensity
In a logarithmic relationship, y < 10~ or 1000
y = log_x. Let’s consider an example. ' /./1
When it is quiet in your laboratory, you @ 98.0
could hear a pin drop onto a bench from B 96.0
the other side of the room. The amount of % 040
energy released is very small, and human 5] //
. . .o . . Q
hearing is very sensitive when things A 920 /
are quiet. The human ear can also hear 90.0-4 ¢
noise, such as an explosion, that could 450

be a trillion (10'?) times louder. This is 0 2 4 6 8 10 12
impossible to capture meaningfully with Sound intensity (mW)

a uniform scale. The sensitivity of human FIGURE 9 Graph showing a logarithmic relationship
hearing is good for low power sounds

but reduced at high power, as shown in Figure 9. Sound intensity (y-axis) is in decibels (dB),
which describes the relative intensity of a sound based on a logarithmic scale containing values

ranging from 0 to 194. So, the y-axis has intervals of 10%, 10%° and so on.

How do you linearise a graph?

Even though a graph may have a particular shape, sometimes we cannot be sure of the exact
relationship between variables. For example, y o< % and y o< % are very similar and therefore
hard to distinguish. The relationship could also be in between them, such as y o ﬁ The
only way to tell is to plot them in the form of y = mx. This is called linearising a graph.

Each type of relationship has a different method for linearising. If the linearised graph is
indeed linear, then we can say that the relationship has been correctly identified.

Linearising inverse relationships

If you already have a straight-line relationship such as y o< 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 8 and plotting y versus x. The graph of 17 versus P is non-linear
(Figure 10) and instead looks like a y o< % graph.

TABLE 8 Data obtained for change in pressure with volume that has a suspected inverse relationship

Pressure, P (kPa) x 1 2 3 4 5

Volume, V (mL) y 3.0 1.5 1.0 0.8 0.6

You can try to linearise the graph (“undo” the inverse) by calculating% (Table 9) and
plot y versus % (Figure 11). If it is a straight line, then you have confirmed the relationship
Y o< % (which is Ve %in this case). If the y o< % graph is still curved, then it may be a y o #
relationship.

TABLE 9 Data obtained for change in pressure with volume after inverse transformation

Pressure, P (kPa) x 1 2 3 4 5

1 i} 1
pressure (kPa™) * 1.00 0.50 0.33 0.25 0.20
Volume, V (mL) y 3.0 1.5 1.0 0.8 0.6
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1
Vs —
yVsx Y x
3.5 3.5
3.0 3.0
2.5 2.5
= \ =
& 20 E 20
g g
B 1.5 3 1.5
§ 1.0 § 1.0
0.5 E— 0.5 o
0.0 0.0
0 1 2 3 4 5 6 0.00 0.25 0.50 0.75 1.00 1.25
Pressure (kPa) 1
————— (kPa™l)
pressure

FIGURE 10 The graph of IV versus P appears to show an
inverse relationship. FIGURE 11 The V' versus % graph of the data
gives a straight line, so itis ay o< %relationship.

Linearising inverse-square relationships

Consider the force between two magnets at various distances (Table 10). The graphs of y vs x
and y vs % are shown in Figure 12.

TABLE 10 Data obtained for force and distance between two magnets after inverse-square transformation

Distance (mm) X 0.5 1.0 2.0 3.0 4.0 5.0

Force (N) y 12.0 3.0 0.8 0.3 0.2 0.1

__ 1 1

distance? = 4.00 1.00 0.25 0.11 0.06 0.04

1
Vs VS
A v a e

14.0 14.0

12.0 T 12.0

10.0 \ 10.0 e
Z 80 £ 80 /
[} ]
5 \ £ 6o

6.0 .
i i

R W

0.0 — 0.0 /
0 1 2 3 4 5 0.00 1.00 2.00 3.00 4.00 5.00
Distance (mm) 1

distance? (mm?)

FIGURE 12 (A) A y versus x graph of the data does not give a straight line. (B) The straight line indicates it is a
Yo % relationship.

A graph of y versus x is non-linear and looks more like a y o< % graph. However, a graph of
Y Versus % is a straight line, so this confirms itis a y e % relationship.
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Linearisation of parabolic relationships
Consider the data of a car accelerating from the traffic lights (Table 11).

TABLE 11 Data obtained for the speed of a car over time that has a suspected square relationship

Time (s) x 0 1 2 3 4 5
Speed (ms™) y 0 2 8 18 32 50

The graph of y versus x is shown in Figure 13A. It looks very much like a y o< x?
relationship. To confirm this, we would linearise the graph by calculating x? and plotting
v versus x? (Figure 13B).

A sx B | yrs s
60 60
50 50
= 40 T 40
w / w
§ 30 A —% 30
2 3 -~
& 20 /.( & 20
' /i/ 10 /
IR E—— 0 1/
0 1 2 3 4 5 0 5 10 15 20 25
Time (s) Time squared (s2)

FIGURE 13 (A) The y versus x graph of the data does not give a straight line. (B) The straight line indicates it is
ay o< x2 relationship.

Linearisation of exponential relationships

You will meet exponential relationships in the nuclear physics module. Radioactive substances
decay in an exponential fashion, which means the rate of decrease in the y value changes with
the x value. The change in y starts off fast at a low value of x but then decreases as x gets
larger. Here is an example of a radioactive substance whose radiation intensity was measured
over a period of 14 days and plotted in the graph (Figure 14).

Excel suggests it is an exponential relationship by the base e in the equation for the
trendline. If we now plot the natural logarithm (In) of intensity, we get a linearised graph
(Figure 15).

yvsx In(y) vs x
4,500 8.40
Q.
8301

4,000 e
2 = 4151.6e70-049x 2 8.20 .. y=-0.049x + 83312 |
L R?=0.9991 9 e, R2=0.9991
~ 3,500 < 810 - N
g B
£ £ 8.00 .
g . Z
g 3,000 . g 7.90 =
= e.. K

E 780 A SN
2,500 “o.
7.70
g “q
2,000 7.60
6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time, ¢ (days) Time, t (days)

FIGURE 14 Graph of intensity vs time for a radioactive specimen FIGURE 15 Linearised graph of radioactive decay

We can see it is linear because the equation for the trendline is in the pattern y = mx + c.
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How can you infer data by extrapolation
and interpolation?

Extending and reading a graph beyond the last plotted point is called extrapolation.
Inferring a reading between plotted points is called interpolation. Although the data

points in Figure 16 are only at 0, 27Kk]J, 53k]J, 81k], 108k] and 135Kk], you can extrapolate

the trendline past 135Kk]J to 160k] and read off the temperature as 66.5°C. You can also
interpolate the data to read off values between points. For example, at 100k], the temperature
is 51°C. This is commonly done in Physics questions.

Effect of heat added on temperature
70
65 - - e
Extrapolation to determine valuesI e
beyond the range of data points I~

60 3
55 o
Q e
N e
0 20 -
E -7
B | 4
® 45 =
2 .-
g 40 7
= ey - )

35 rad Interpolation to determine values

e - between data points

30 42

25§~

20

0 20 40 60 80 100 120 140 160

Heat added (k])

FIGURE 16 The temperature of water vs the amount of heat energy added can be extrapolated or interpolated
to infer values.

How are error bars used to represent 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 and represent the absolute uncertainty at that point. For example, an experiment is
carried out in which a ball is dropped from a height of 5.0 m, and the displacement recorded
every 0.20s. This was then repeated two more times.

The graph in Figure 17A shows vertical error bars for the measurement of displacement
(y-axis). For most experiments, the uncertainty in the IV (x-axis) will be very low and can be
neglected. The trendline should be midway between the caps of the error bar. If you use

. . 0+0+0 . .
zero as the IV for the first trial, the average would be (34) = 0. The uncertainty using
(x_—x ) 0+0 . . .
the % formula would be ( 3 ) — 0. This says there is no uncertainty. However, there

is still the scale reading uncertainty from the measuring instrument and that will be the value
of a half-scale division for an analogue device, or the resolution for a digital device. In this
experiment, a metre ruler graduated in 1 mm increments was used, so the uncertainty is
+0.5mm or £0.005m. This is too small to show up on the error bar for the (0, 0) point.

The graph in Figure 17B shows a graph of the velocity at each time interval, which was
calculated using the formula v = 29, = % A trendline (red line) has been drawn and its
calculated gradient is 9.9 ms=. Two other trendlines — the maximum and the minimum

trendlines — have been added.
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extrapolation

the prediction of
values beyond the
range of data points by
extending the trendline

interpolation

the prediction of values
between data points
using a trendline

Study tip

Be careful not to
extrapolate too far
beyond the last point.
The further out you
go, the less reliable
the estimate.
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maximum The maximum trendline has the highest possible slope. It connects the bottom
t‘;_e“d?b“e it of of the error bar of the first data point (0, 0) with the top of the error bar for the last

a line of best fit o . .

maximum gradient data point (10.9,1.00) but must not go beyond any of the error bars in between. It shows the
within the bounds of maximum gradient.

the error bars The minimum trendline has the smallest possible slope. It connects the top of the

error bar of the first data point (0, 0) with the bottom of the error bar of the last data point
(8.9, 1.00), but must not go beyond any of the error bars in between. It shows the minimum

gradient.
A B

Displacement vs time Velocity vs time
6.00 12.00
n
500 10.00
) I & n
= 4.00 v 8.00
g %E/ E
“E’ &
£ 3.00 B 6.00
g g
,% 2.00 § 4.00
=]
1.00 2.00
0.00 T 0.00 6=
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
Time elapsed (s) Time elapsed (s)

FIGURE 17 (A) Vertical error bars show the zone of uncertainty for the displacement values. (B) Maximum and minimum trendlines can be
added to the graph to show the uncertainty in the gradient.

::éﬁtﬁ:‘:l? You can then calculate the maximum and minimum gradients using any part of these
a line of best fit of trendlines. It is good practice that you use points spaced as widely apart as possible, otherwise
minimum gradient you may lose a mark in the external exam. Ideally, try to use the full line between the origin
x;t‘;;?i:;unds of (0s) and 1.00s. Remember that the error bar on the (0, 0) point at the origin is too small to be

seen.

. . . . . (109-0.0) 109 _ 1

The maximum trendline (yellow) gradient is 1.00-0.00) — 1.00 = 10.9ms™.
.. . . . 8.9-0.0
¢ The minimum trendline (red) gradient is ( )__ 89 _ 8.9msL.

(1.00 = 0.00) ~ 1.00
The uncertainty in the gradient is calculated using the following formula:

_ (x. —x )
6x:i maxz min-

4(109-89)
- 2

=+1.0ms™!
This can also be expressed as percentage uncertainty:
8% =% x 100
(6]

_ 10
=990 x 100

=10.1%

Thus, the gradient can be stated using absolute uncertainty as m = 9.9 £ 1.0ms=2. If using
percentage uncertainty, 7 = 9.9ms2+ 10%.

The gradient in this case is the experimental value for acceleration due to gravity of 9.9 ms™
with a minimum of 8.9ms~ and a maximum of 10.9ms™2. We could say that the experiment
was accurate, as the accepted value of 9.8 ms 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, or that the data is “imprecise”) that detracts from the result. It is thus
better to rely on absolute and percentage error to determine accuracy.
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Check your learning 1.7

Check your learning 1.7: Complete these questions online or in your workbook.

Retrieval and comprehension

1 Define the following terms: absolute uncertainty,
percentage uncertainty, precision, accuracy,
absolute error, percentage error. (6 marks)

2 A student obtained a value of 9.74 ms= for the
acceleration due to gravity. The accepted value is
9.81 ms at that location. Calculate the
a absolute error (2 marks)

b percentage error. (2 marks)

3 The period for a simple pendulum of length
80cm was measured in triplicate and found to be
1.79s, 1.85s and 1.72s. Calculate the
a mean value for the period (1 mark)

b absolute uncertainty (2 marks)
c percentage uncertainty. (2 marks)

4 A student carries out an investigation to measure
the time taken for 10 complete oscillations
(swings) of a pendulum. The following values
are obtained: 3.1s, 3.8s, 3.3s, 4.1s and 3.4s.
Calculate the absolute and percentage
uncertainty for one swing. (5 marks)

5 Explain whether it is usual to plot the
independent variable on the vertical axis or the
horizontal axis. (2 marks)

6 Define the following terms: anomaly, outlier,
relationship, trendline, line of best fit. (5 marks)

7 Explain what it means to “linearise” a
relationship. (2 marks)

8 Students obtained the relationship y < x. Explain

whether there is any need to linearise it. (1 mark)

Analytical processes

9 Compare “precision” and “accuracy”. (2 marks)

10 A digital ammeter shows the current in a
circuit to be 0.10A. Determine the percentage
uncertainty in the value of I2. (2 marks)

11 A Physics textbook measures 1.98 = 0.01 cm by
28.05 £ 0.05cm by 21.70 + 0.05cm. Its mass is
1.205 * 0.001 kg and it has 502 pages. Use these
measurements to determine (including the
percentage uncertainty of each result)

OXFORD UNIVERSITY PRESS

a the surface area of the front cover in m?
(4 marks)
b the total external surface area in m? (9 marks)
¢ the volume in m? (3 marks)
d the thickness of one page in mm (2 marks)
e the density in kgm™. (4 marks)

12 Two groups of 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 the table.

Group Height, Time, t ()
s (m) Trial 1 Trial 2 Trial 3
A 0.50 0.37 0.44 0.50
B 2.00 0.75 0.87 0.94

To calculate the acceleration, the students used the
formula a = 2[_>2<s, where s is drop height and z is
average time. The accepted value for gis 9.81 ms=.

For each group, use the average time to

determine the percentage uncertainty of the

acceleration and the percentage error. (4 marks)
13 Deduce which of the following voltage

measurements is the more precise:

V,=0.55%£0.01Vor VV,=6.4 % 0.1V. (3 marks)
14 For the graphs shown, determine the graph that

best represents the following relationships.

a yis directly proportional to x. (1 mark)

b yis inversely proportional to x. (1 mark)

c yisindependent of x. (1 mark)

d yis proportional to x2. (1 mark)

A B C
v v y

X X X
D

E F
y\y’/y
X X
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< 15 a If W= RV, determine the effect on W of
i tripling IV (1 mark)
ii halving V. (1 mark)
b Explain what a graph of W as a function of
IV would look like. (2 marks)

16 A plot of the variables F (vertical axis) and v
(horizontal axis) gave a curve in the shape of
y o< x2. Determine what you would need to plot
to linearise the data. (1 mark)

17 The displacement (s) in metres of a car at various
times ¢ (in seconds) is given in the table.

t(s) 0 2 4 6 8
s(m)y 0 8 | 32 72 | 128

Graphs were drawn to show s vs z and s vs 72.

Displacement-time graph

140 1
/
120

/
100
/

’é 80 {
% 60 //
40
/(
20 /

t(s)

Displacement-time squared graph

140
120
100
80
60
40
20

s (m)

0
0 10 20 30 40
£ (s?)

50 60 70

Calculate the gradient and determine the
relationship between s and z. (2 marks)

Knowledge utilisation

18 Construct a graph of each set of data in
the following questions. For each, draw the
trendlines, linearise if non-linear and calculate
the gradient. (Note: the independent variable is
listed first.)
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a Current through a resistor vs voltage applied
(4 marks)
Voltage, V (volts) 1.0 2.0 3.0 4.0
Current, I (A) 0.32 | 0.66 | 1.00 | 1.30
b Diameter vs circumference of a circle
(4 marks)
0.0 4.0 | 8.0 |12.0
0.0 |12.5/25.4/37.3

Diameter of circle (cm)
Circumference of circle (cm)
19 Construct a conclusion about the validity and
reliability of an experiment that has a large
systematic error but a small random error, with
reference to accuracy and precision. (2 marks)
20 “I can’t linearise my data.” Discuss if this means
that your experiment was not valid. (3 marks)

21 The table shows data from an experiment where
F and r are two related variables.

F 72 48 24 18
r 2 3 6 8

The data was plotted to give the graph shown.

a Predict the mathematical relationship
suggested by this graph. (1 mark)

b Sketch another graph to confirm your
prediction. (5 marks)

Fvsr

NOW A LY 3 0O
_®
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Lesson 1.8
Evaluating evidence

Key ideas

— Evidence is evaluated to determine its validity and reliability.
— Goodness of fit (R?) provides information about the precision of the data.
— Random and systematic errors can be identified by assessing the trendline of a graph.

— Not all secondary sources are reliable; they must be evaluated before use.

Science inquiry skills @

This lesson provides support for the following science inquiry skills: Learning intentions
» identify and implement strategies to manage risks, ethics and environmental impact, e.g. and success criteria
— acknowledgement of sources and referencing
e use data and reasoning to discuss and evaluate the validity and reliability of evidence, e.g.
— discuss ways in which measurement error, instrumental uncertainty, the nature of the
methodology or other factors influence uncertainty and limitations in the data
— evaluate information sources and compare ideas, information and opinions presented
within and between texts, considering aspects such as acceptance, bias, status,
appropriateness and reasonableness
— compare findings to theoretical models or expected value
e analyse data to identify trends, patterns and relationships; recognising error, uncertainty
and limitations of evidence
e appreciate the role of peer review in scientific research.
Source: Physics 2025 vl.1 General Senior Syllabus © State of Queensland (QCAA) 2024

(o4{0 s elleli=IRM This lesson is available on Oxford Digital.

Lesson 1.9
Communicating scientifically

Key ideas

— Different communication conventions are used depending on the target audience.

— Evidence-based arguments bring together scientific ideas and primary and/or
secondary data obtained from scientific investigation.

— Sources can be acknowledged using in-text referencing and a bibliography.
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©

Learning intentions
and success criteria

©

Learning intentions
and success criteria

Science inquiry skills

This lesson provides support for the following science inquiry skills:
e select, synthesise and use evidence to construct scientific arguments and draw conclusions

e communicate to specific audiences and for specific purposes using appropriate language,
nomenclature, genres and modes

e acknowledge sources of information and use standard scientific referencing conventions.
Source: Physics 2025 vl.1 General Senior Syllabus © State of Queensland (QCAA) 2024

oxfordd igital 3 This lesson is available on Oxford Digital.

Lesson 1.10
Preparing for your data test

Key ideas

— The data test is an assessment task in which you respond to items using qualitative
data and/or quantitative data derived from practicals, activities or case studies.

— Inyour data test, you will apply your understanding, analyse data, and interpret
evidence.

Assessment objectives

This lesson provides support for achieving the assessment outcomes for the data test:

Objective 2. Apply understanding of heating processes, ionising radiation and nuclear
reactions, and electrical circuits.

Objective 3. Analyse data about heating processes, ionising radiation and nuclear reactions,
and electrical circuits.
Objective 4. Interpret evidence about heating processes, ionising radiation and nuclear
reactions, and electrical circuits.

Source: Adapted from Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

Worked examples

This lesson is supported by the following Worked example:
*  Worked example 1.10A Responding to the data test

(o 4{0yslelleliCIRIM This lesson is available on Oxford Digital.
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Lesson 1.11
Conducting your student
experiment

Key ideas
— Your student experiment requires you to modify an experiment you have conducted in

Units 1 and 2 to address your own related hypothesis or question.

— You will research and plan your experiment, analyse, interpret and evaluate your
evidence, and communicate your findings.

Assessment objectives @
This lesson provides support for achieving the assessment outcomes for the student Learning intentions
experiment: and success criteria

Objective 1. Describe ideas and findings about heating processes, ionising radiation and
nuclear reactions, and electrical circuits.

Objective 2. Apply understanding of heating processes, ionising radiation and nuclear
reactions, and electrical circuits.

Objective 3. Analyse data about heating processes, ionising radiation and nuclear reactions,
and electrical circuits.

Objective 4. Interpret evidence about heating processes, ionising radiation and nuclear
reactions, and electrical circuits.

Objective 5. Evaluate processes, claims and conclusions about heating processes, ionising
radiation and nuclear reactions, and electrical circuits.

Objective 6. Investigate phenomena associated with heating processes, ionising radiation and
nuclear reactions, and electrical circuits.

Source: Adapted from Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

[D4{0 s [elleiIRAN Thislesson is available on Oxford Digital.
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Lesson 1.12
Conducting your research
investigation

Key ideas

— The research investigation is an assessment task in which students gather evidence
related to a research question to evaluate a claim in physics.

@ Assessment objectives

o ) This lesson provides support for achieving the assessment outcomes for the research
Learning intentions

and success criteria investigation:
Objective 1. Describe ideas and findings about linear motion and force, and waves.

Objective 2. Apply understanding of linear motion and force, and waves.
Objective 3. Analyse data about linear motion and force, and waves.
Objective 4. Interpret evidence about linear motion and force, and waves.

Objective 5. Evaluate processes, claims and conclusions about linear motion and force,
and waves.

Objective 6. Investigate phenomena associated with linear motion and force, and waves.
Source: Adapted from Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

oxfordd igital 3 This lesson is available on Oxford Digital.

Lesson 1.13
Preparing for your exams

Key ideas

— Your external exam requires you to demonstrate your understanding of the QCE
Physics course by completing multiple-choice and short-answer questions.

— Exam questions are typically written using cognitive verbs, which tell you what
information you need to provide in your answer to the question.

@ Assessment objectives

Learning intentions This lesson provides support for achieving the assessment outcomes for the examination:

and success criteria Objective 1. Describe ideas and findings about heating processes, ionising radiation and
nuclear reactions, electrical circuits, linear motion and force, and waves.

38 PHYSICS FOR QUEENSLAND UNITS 1 & 2 OXFORD UNIVERSITY PRESS

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 29/10/2024 under licence.

Objective 2. Apply understanding of heating processes, ionising radiation and nuclear
reactions, electrical circuits, linear motion and force, and waves.

Objective 3. Analyse data about heating processes, ionising radiation and nuclear reactions,

electrical circuits, linear motion and force, and waves.

Objective 4. Interpret evidence about heating processes, ionising radiation and nuclear

reactions, electrical circuits, linear motion and force, and waves.

Source: Adapted from Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

(o 4{0 s elleli=IRAM This lesson is available on Oxford Digital.

MODULE

Lesson 1.14
Review: Physics toolkit

summary

In QCE Physics, you will gain a variety of science understanding and inquiry skills that will help you
succeed in assessments, as a scientific professional, and as a science citizen.

First Nations peoples have longstanding scientific knowledge.

First Nations peoples have developed knowledge about the world by observing using all the senses,
predicting and hypothesising, testing (trial and error), and making generalisations within specific
contexts such as the use of food, natural materials, navigation and sustainability of the environment.
Correctly acknowledging cultural and/or language groups, rejecting deficit discourse, avoiding
Eurocentrism and critically evaluating sources of information can help you to respectfully engage with
First Nations perspectives in QCE Physics.

The scientific method is an iterative and cyclic process.

Research questions define the scope of an investigation. They can be used to develop hypotheses that
predict the outcome of the investigation.

A method outlines the steps followed in an experiment and lists all of the materials and equipment used.

Valid and reliable measurements can be obtained by carefully designing your investigation to collect
sufficient data and minimise errors.

All measurements include errors or uncertainties, either systematic or random. It is important to
consider these and implement strategies to minimise their effects when planning your experiments.
Laboratory safety is important to prevent harm to yourself and those sharing the lab space with you.
Safety and ethics extend beyond the lab; you should be considering the broader potential impacts of
your experiment.

Single experimental measurements are reported using best estimates, indicators of measurement
uncertainty and units.

Scientific notation is used to easily express extremely large or small values.

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

All measurements, information and observations should be recorded in your logbook.
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%3 ° Datais processed and analysed to identify trends, patterns, relationships, limitations and uncertainty.

* Absolute and percentage uncertainty give an idea of the precision of measurements.

* Absolute and percentage error give an idea of the accuracy of measurements.

* Data can be summarised in a variety of ways, such as in a table, a scatterplot, or a scientific diagram.

* Linearising data helps you to identify the exact relationship between variables.

» Evidence is evaluated to determine its validity and reliability.

¢ Goodness of fit (R?) provides information about the precision of the data.

* Random and systematic errors can be identified by assessing the trendline of a graph.

* Not all secondary sources are reliable; they must be evaluated before use.

Different communication conventions are used depending on the target audience.

Evidence-based arguments bring together scientific ideas and primary and/or secondary data obtained
from scientific investigation.

Sources can be acknowledged using in-text referencing and a bibliography.

* The data test is an assessment task in which you respond to items using qualitative data and/or
quantitative data derived from practicals, activities or case studies.

* In your data test, you will apply your understanding, analyse data, and interpret evidence.

*  Your student experiment requires you to modify an experiment you have conducted in Units 1 and 2 to
address your own related hypothesis or question.

*  You will research and plan your experiment, analyse, interpret and evaluate your evidence, and
communicate your findings.

* The research investigation is an assessment task in which students gather evidence related to a research
question to evaluate a claim in physics.

*  Your external exam requires you to demonstrate your understanding of the QCE Physics course by
completing multiple-choice and short-answer questions.

* Exam questions are typically written using cognitive verbs, which tell you what information you need to

provide in your answer to the question.

Key formulas

Mean (best estimate of repeated single measurements) X = %
. (x, x )
Absolute uncertainty O = e
Standard deviation 6 =1 %
Percentage uncertainty 8% = ?C—’z x 100
Absolute error E =|x,—x,|
P E
ercentage error E% ==*% 100
A
Gradient m= %
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Review questions 1.14A Multiple choice

(1 mark each)

1

Select the option that has the smallest magnitude.

A -1 x10?

B 1x 102

C 10

D 100

Which one of the following is closest in area to
2.0m??

A 200cm?

B 20,000cm?

C 2 x 10"mm?

D 200,000 mm?

Calculate the magnitude of the following to
the correct number of significant figures:
1.18cm X 3.1416 cm.

A 37

B 3.71

C 3.707

D 3.7071

Calculate the following and express in scientific
notation to the correct number of significant
figures: (2.0 X 102m) X (2.00 X 10~*m).

A 4.0x10"m

B 4.0 X 107" m?

C 4.00 X 10"m

D 4.0 X 102m?

Use scientific notation to express the number
0.000552.

A 552 x10°¢

B 0.552 x 107

C 552x 10

D 5.52 x 10

Use the correct scientific notation to express the
number 73,000,000.

A 0.73 x 108

B 7.3 x 107

C 73 x 10°

D 73 x (10%)?

The resistance of a 20.0 cm length of nichrome
wire was measured four times as 15.5, 16.0, 15.7

and 15.9 ohms. Calculate the absolute uncertainty

of the mean.
A 0.1 B 0.3
C 05 D 15.8

OXFORD UNIVERSITY PRESS

8

Review questions: Complete these questions online or in your workbook.

The time for a ball to roll down an incline was
measured as 1.05s, 1.20s, 1.13s, 1.05s. Calculate
the percentage uncertainty of the mean.

A 0.075

B 1.11

C 6.8

D 7.2

An analogue thermometer has a resolution of 1°C.
The initial and final temperatures were measured
as 24.5°C and 54.0°C respectively. Calculate the
change in temperature including the absolute
uncertainty.

A 29 £0.5°C

B 29.5 +0.5°C

C 29,51 1.0°C

D 30 £ 1°C

10 In the analysis of a motion experiment, the

11

equation for the linear line of best fit was

vy =5.0x + 2.5. The maximum line of best fit

was y = 6.5x, and the minimum line of best fit was
vy =4.8x + 3.0. Calculate the absolute uncertainty
of the gradient.

A 0.85

B 1.7

C 25

D 55

The formula 6x = £

A absolute uncertainty.

(xmax B xmin) .
5 is used to calculate

B Dbest estimate.
C absolute error.

D mean.

12 A strip of copper measures 20.0 £ 0.05mm by

30.0 £ 0.05mm. Calculate the area of this face.
A 600 * 0.0025mm?

B 600 £ 0.10mm?

C 600 £ 0.42mm?

D 600 £ 2.5mm?

13 The cross-sectional area of a piece of nichrome

wire was 0.1 mm?. Calculate the area in square
metres.

A 1.0 x 107"m?
B 1.0 X 10 °m?
C 1.0 x 10*m?
D 1.0 X 10°m?
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Review questions 1.14B Short response

Review questions: Complete these questions online or in your workbook.

Retrieval and comprehension
14 Classify the following units as SI or non-SI:
metres, kilograms, pounds, kelvin. (1 mark)
15 In terms of the analysis of data
a explain the difference between significant
figures and scientific notation. (2 marks)
b explain how a “systematic error” differs from a
“random error”. (2 marks)

16 Explain what is meant by “propagation of errors”
when performing a calculation. (3 marks)

17 Explain why it may be necessary to calculate
percentage error of a result rather than just leave it
as absolute error. (3 marks)

18 Identify the number of significant figures in
each number.

a 83.83 (1 mark)
b 20.0 (1 mark)
19 Use scientific notation to express each number.
a 0.000552 (1 mark)
b 73,000,000 (1 mark)

Analytical processes

20 Determine the reading and uncertainty of the
measurement on the ruler. The numbers are
centimetres and the small divisions are
millimetres. (2 marks)

21 Complete the following questions.

a Sketch a graph of the data given in the
table and draw a line of best fit. (Note: the
independent variable is listed first.) (3 marks)

Time, ¢ (s) 0.0 | 20 | 40 | 60

Distance, s (m) 0.0 ‘ 12 ‘ 23 ‘ 37

42 PHYSICS FOR QUEENSLAND UNITS 1 & 2

b For the line plotted on the graph
i calculate the gradient (1 mark)
ii determine the distance after 8.0s by
extrapolation (1 mark)
iii determine the distance after 3.0s by
interpolation. (1 mark)

22 An analogue voltmeter with a scale division of
0.1V reads 2.4V when placed across a resistor of
47Q 5 %.

a Determine the absolute uncertainty in the
voltage reading. (1 mark)

b If a calculation of %2 was made, calculate the
percentage uncertainty in the result. (2 marks)

23 German physicist Arnd Leike, from the University
of Munich, found that the decay of foam height
in beer with time was exponential: y o %, where
v = 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 pieces of research.
Differentiate between the shapes of the graphs
when n = 3 (Leike’s result) and n = 2 (inverse
square). (2 marks)

Knowledge utilisation

24 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 shown in the table.

Current, I (A)
Heat, Q (J)
a Construct a graph to show the relationship

between heat Q, in joules, developed in a heater
by electric currents of [ amperes. (3 marks)

05 08 1.0 16 24 30
375 | 960 1,500 3,800 8,640 13,500

b Describe the relationship between Q and I.
(1 mark)

¢ Construct a linearised graph to confirm the
relationship between Q and I. (4 marks)

OXFORD UNIVERSITY PRESS
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25 As part of an investigation into motion of a falling
object, a tennis ball was dropped from various
heights as shown in the table. 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.

Height, Drop time, t (s)
s (m) Trial 1 Trial 2 Trial 3
0.50 0.37 0.44 0.50
1.00 0.62 0.56 0.56
1.50 0.75 0.75 0.69
2.00 0.75 0.87 0.94

a Calculate the mean (X), and the absolute
uncertainties of the mean for the times for each
height. (8 marks)

b Construct a graph with height s on the
horizontal axis, and the corresponding mean of
the times on the vertical axis. (3 marks)

¢ Construct a linearised graph by plotting vs on
the horizontal axis and r on the vertical axis,
including vertical error bars. (3 marks)

d Determine the gradients of the maximum and
minimum trendlines and express these as an
absolute uncertainty of the gradient. (4 marks)

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

a Dataset 1 (4 marks)

X 1 2 3 5 6
y 2.00 1.10 0.67 0.41 0.33

b Dataset 2 (4 marks)

X 1 2 4 6 8
y 3.00 0.75 0.19 0.08 0.05

¢ Dataset 3 (4 marks)

X 0 2 3 5 7
20 45 125 245

Module 1 checklist: Physics toolkit

OXFORD UNIVERSITY PRESS

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

a Dataset 1 (4 marks)

X 0.50 1.70 2.10 3.60 7.00
y 0.54 0.99 1.10 1.44 2.01

b Dataset 2 (4 marks)

X 0 1.5 3.4 5.1 7
y 3.2 9.2 16.8 23.6 31.2

28 Students were investigating the swing of a
pendulum as a function of the length of the string.
Their results are shown in the table. The period is
the time for one complete swing.

Length, L (m) Period, T(s) £+ 0.15s

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
and draw a trendline. (3 marks)

b Predict the relationship between 7 and L.
(1 mark)

¢ Construct a linearised graph to confirm the
relationship. (3 marks)

d Determine the gradient of the trendline
(2 s.f). (1 mark)

e Construct error bars on the graph and
determine the gradient of the maximum and
the minimum trendlines. (3 marks)

f Express the gradient as a mean value *
absolute uncertainty. (1 mark)

Q Quizlet: Revise key terms online to test your understanding
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Unit 1 overview

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 ideas 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. This leads into an examination of matter at the atomic scale, starting with the structure
of the nucleus and how the strong nuclear and electrostatic forces compete to keep the nucleus together or let it
disintegrate into alpha, beta and nuclear radiation along with neutrinos and antineutrinos. We see how a decaying -
nucleus converts mass into energy, as described by Einstein’s famous equation £ = 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. Circuit analysis helps us understand how electrical
“a energy is transferred in wires to be used and controlled in homes and workplaces.

Unit objectives

1 Describe ideas and findings about heating processes, ionising radiation and nuclear reactions, and electrical
‘ circuits.
Apply understanding of heating processes, ionising radiation and nuclear reactions, and electrical circuits.
Analyse data about heating processes, ionising radiation and nuclear reactions, and electrical circuits.
Interpret evidence about heating processes, ionising radiation and nuclear reactions, and electrical circuits.

u b WN

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

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

Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

T RPT/TAERYER. T
Unit 1 Topics

Topic Module

Topic 1 Heating processes Module 2 Kinetic particle model and specific heat capacity
Module 3 Phase changes and energy conservation

Topic 2 Ionising radiation and nuclear Module 4 Nuclear model and stability

reactions Module 5 Radioactive decay and half-life
Module 6 Nuclear energy and mass defect

Topic 3 Electrical circuits Module 7 Current, potential difference and energy flow
Module 8 Circuit analysis and design

.
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Kinetic particle
model and specific
heat capacity

Introduction |

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 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 is a subject called “thermodynamics”.
The term “thermodynamics” stems from the Greek “therme” = “heat” and

“dynamis” = “power”. This 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. e d )
The science of heating processes also helps us address contemporary issues through

the development of efficient and cost-effective technologies, the use of sustainable and 4

renewable energy sources, and by allowing the prediction of global temperatures and ’

the effects of human activity on climate change.

am '\
‘ v .
Prior knowledge
R o
rior . .
knowledge Check your understanding of the particle model and energy transfer
quiz before you start.
\
-
Subject matter 4
Science understanding
— Describe the kinetic particle model of matter.
— Describe the concepts of thermal energy, temperature, kinetic energy, heat and
internal energy.
Explain heat transfers in terms of conduction, convection and radiation.
Use T, = T, + 273 to convert temperature measurements.
Explain that a change in temperature is due to the addition or removal of energy
“\ from a system (without phase change). 9
B
\‘. 4 2 “ .
‘Lk Y a ~\. - ———
9 A2 5 B S
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— Describe the concept of specific heat capacity.
— Solve problems involving specific heat capacity using Q = mcAT.
— Interpret data from specific heat capacity experiments.

Science as a human endeavour

— Explore the development of new technologies and understandings of heating
processes as a means to predicting global temperatures and the effects of human-
induced climate change.

— Appreciate that different temperature scales (e.g. Celsius, Fahrenheit, Kelvin) were
developed at different times to serve different purposes.

Science inquiry

Consider the significance of using common units of measurement internationally.
Investigate the precision and accuracy of different temperature measuring
devices, such as analogue and digital thermometers, by determining measurement
uncertainty.

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.

Consider the energy contained within a cup of coffee versus a swimming pool.
Explore the properties of water that makes it ideal for use as a coolant in car
engines.

Investigate the proportional relationship between heat and temperature change.
Investigate specific heat capacity of a substance.

Explore why it is possible to boil water in a paper cup on a campfire.

Source: Physics 2025 v1.1 General Senior Syllabus © State of Queensland (QCAA) 2024

& Lesson 2.2 Heating water on a hotplate — graphing and analysing data
Lesson 2.7 DPrecision and accuracy of thermometers

Lesson 2.10 Specific heat capacity of liquids — on a hotplate

UNIT 1 THERMAL, NUCLEAR AND ELECTRICAL PHYSICS
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©

Learning intentions
and success criteria

heat

energy that is
spontaneously
transferred from one
object to another
due to a difference
in temperature
between the objects
(symbol: Q; SI unit:
joule; unit symbol: J)

energy
a measure of the ability
of a system to do

work and supply heat;
energy is conserved

in any interaction
(symbol: W; SI unit:
joule; unit symbol: J)
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Lesson 2.1
Heating and cooling

Key ideas

— Heat is the transfer of energy from a higher temperature object to a lower temperature
object.

— Thermal equilibrium is achieved when two objects that are in contact with one another
reach the same temperature.

Are heat and energy the same thing?

When you add ice to a glass of water, you will notice that the water gets colder, and the ice
starts to melt and changes from a solid to a liquid state (or phase). This can be explained
using the terms “heat” and “energy”, but we need to be careful about the difference
between them.

Heat is energy in the process of being transferred from one object to another due to
temperature difference. It is sometimes called “energy in transit”’. Because heat is a quantity of
energy being transferred between two bodies (the water and the ice), neither body has a definite
amount of heat. Instead, they each have a definite amount of thermal energy. Thermal energy is
sometimes referred to as heat energy, but we should try to use the correct term.

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 changed
2,000 years ago with the Greek idea that heat was a material substance called “caloric” that
was lost or gained as an object was heated or cooled. Our modern 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 used in 1852 by
William Thomson (Lord Kelvin, 1824-1907) from Glasgow, Scotland. This is where we
are today: “energy” is not a thing, but a property of an object. We can’t really identify what
energy is, but we do have formulas to define it and show how it changes in interactions.

FIGURE 1 (A) Heat travels from the water to the ice so the ice warms and the water cools. (B) The spoon and the
coffee start off at different temperatures, but as heat flows from the hot coffee to the cool spoon, the coffee loses
thermal energy and the spoon gains an equal amount of thermal energy, eventually coming to thermal equilibrium.

OXFORD UNIVERSITY PRESS
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Another great example of thermal energy transfer is when you put a spoon into a cup of
hot coffee. Although this does not involve a change of phase, the spoon gets hot as heat flows
from the coffee into the spoon. Eventually, when the spoon, the coffee and the cup have
shared their energy, they come to the same temperature. For the moment, the best we can
do is say that “temperature is what you measure with a thermometer”. This is an operational
definition as it tells you how to measure the quantity in question. Later, we will explain a
theoretical definition to do with the motion of the particles. The one thing we do know about
temperature is that it will be the same for objects that have been in contact long enough.

There is a special term for this, which you will learn more about in Module 3.

What exactly is going on at the very smallest scale when ice melts, or a spoon gets heated
by coffee? By the end of this topic, you will be able to answer these questions.

Analysing the relationship between heat and temperature change

Science inquiry skills: Processing and 2 Predict, by extrapolation, the temperature after
analysing data (Lesson 1.7) 700 seconds have elapsed. (1 mark)

In an experiment, students heated water in an 3 Predict, by interpolation, the temperature after
insulated container. The change in temperature at 180 seconds. (1 mark)

various times is shown in Figure 2. 4 Predict, using the formula developed in question 1,
Practise your skills the time it would take for the water to reach

. . . . 100°C. (2 marks)
1 Identify the mathematical relationship between

the temperature, 7, and the time, z. Express your
answer using 2 s.f. Show your working. (3 marks)

Temperature change over time
70
60
~ 'Y
9 50
5 40 e
E °
§ 30 .
§ 20
F
10
0
0 100 200 300 400 500 600 700
Time (s)

FIGURE 2 Temperature (°C) of water over time (s) during heating in an insulated container
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Quantifying uncertainty in a heating process

Science inquiry skills: Processing and Practise your skills

analysing data (Lesson 1.7) 1 Identify a mathematical relationship between the
A student conducted an experiment to investigate temperature of the water and the time elapsed,
the temperature change of water in a beaker over including the percentage uncertainty of the

time. The student used a hotplate that delivered gradient (1 s.f.) and the absolute uncertainty of

a constant source of heat and measured the the y-intercept (1 s.f.). (4 marks)

temperature of the water every minute for 6 minutes.
The data was processed and plotted in Figure 3.

Temperature change over time
) | | |
60 Linear trendline: y = 0.089x + 25.1 T Maximum
Maximum trendline: y = 0.098x + 24 ~® Linear

55 Minimum trendline: y = 0.074x + 28 ! 4oL Minimum
oS L
< T
2 45 /k..'
g e -
» &

. 1

B e I

" ‘+~/

25

20

0 50 100 150 200 250 300 350 400

Time (s)

FIGURE 3 Temperature (°C) of water over time (s) during heating in a beaker, including the maximum
(orange), linear (dashed) and minimum (blue) trendlines and their mathematical relationships

Check your learning 2.1

Check your learning 2.1: Complete these questions online or in your workbook.

Retrieval and comprehension 2 Explain why heating is described as a process.
1 Describe the difference between “heat” and (2 marks)
“energy”. (2 marks) 3 Describe the direction of heat flow in terms of

temperature. (1 mark)

50 PHYSICS FOR QUEENSLAND UNITS 1T & 2 OXFORD UNIVERSITY PRESS
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Lesson 2.2
Heating water on a hotplate -
graphing and analysing data

o o This practical lesson is available on Oxford Digital. It is also
oxforddigital ®
9 provided as part of a printable resource that can be used in class.

Lesson 2.3
The kinetic particle model of matter

Key ideas

— The kinetic particle theory of matter states that all matter is made of particles that are
in constant random motion.

— The behaviour of particles in solids, liquids and gases differs due to their kinetic energy.

What is kinetic theory?

Previously, we looked at how objects lost and gained heat and asked the question: What is
happening at the smallest scale? What are these microscopic particles doing when they heat
up, or when they lose heat? To answer these questions, we first need to understand how
matter behaves at the atomic level.

About 2500 years ago, the Greek philosophers Leucippus and Democritus suggested that
matter consisted of small, hard particles that couldn’t be cut up; they called them atoms
(Greek “a” = “not”, “toma” = “cut”). The behaviour of all particles and atoms can be
explained using the kinetic particle model of matter.

The kinetic particle model of matter can be summarised by the following statements:

e Particles of matter are in constant random motion — they have kinetic energy.

¢ There are intermolecular forces between the particles.

* Collisions between particles are perfectly elastic, meaning that they do not lose kinetic
energy when they collide.

What are the phases of matter?

Solids, liquids and gases feel and behave differently. An understanding of how particles are
arranged in the phases of matter can help us understand their properties — in this case, what
happens when they are heated, or when hot and cold substances are mixed. To make sense of
their properties, we need to look at each phase in detail.

©

Learning intentions
and success criteria

4

Video demonstration

©

Learning intentions
and success criteria

particle

a minute portion of
matter, mainly atoms
and molecules

atom

the basic unit of
matter; the smallest
particle of a chemical
element that can exist

kinetic energy

the energy due to the
motion of an object,
including the motion of
particles in a substance
(symbol: E; SI unit:
joule; unit symbol: J)

intermolecular
force

a force between
particles of a substance
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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;
zero on the Kelvin
scale (0K)

vibrational
motion

a form of kinetic
energy in which
particles vibrate
in place

translational
motion

a form of kinetic
energy in which a
particle moves from
place to place

rotational motion
a form of kinetic
energy in which a
particle spins on its
own axis

Study tip

Adding heat energy
does not always cause
a change in phase. For
example, there is not
enough energy in the
cup of coffee to melt
the spoon and turn it
into a liquid. But there
is enough transfer

of energy to cause
changes in the kinetic
energy of the particles
within the spoon.

Solids

At the lowest possible temperature of —273.15°C, called absolute zero
(0K), particles are at their lowest energy state, but they are not still.
For example, consider a chair at room temperature that you might

be sitting on in your classroom. The chair is not moving but all the
particles that make up the chair have a constant, vibrational motion.
What prevents you from crashing to the floor when you sit on it are

the strong intermolecular forces that hold the vibrating particles very
closely together. These fix the particles in position and help maintain
the shape and volume of your chair (i.e. make it a solid object).

Liquids

Particles in liquids are also quite close, and the intermolecular forces
between them are not as strong as in solids, so they can slide past one
another. Particles in liquids also have more kinetic energy as they
can move from place to place — they have translational motion
(Latin “trans” = “across”, “lato” = “to carry”). They may also

have rotational motion, which means they can spin on their own
axes. This allows liquids to maintain their volume, but change shape
depending on the container they are placed in.

Gases

There is a lot of space between the particles of a gas, and they

bounce off each other. The intermolecular forces are quite weak and
the particles move at high speeds, with considerable translational,
vibrational and rotational motion. This allows gases to change volume
and shape to fill the container they are placed in.

How is energy different in the phases
of matter?

When you add enough thermal energy to a solid such as ice, it
changes phase to become water, a liquid. If you add even more

FIGURE 1 Vibrating
particles in a solid are held
close together in a “lattice”
structure and have very
limited movement. This
allows them to keep their
own volume and shape.

e
¢

FIGURE 2 Particles in a
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.

© o

¢
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C

FIGURE 3 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.

thermal energy, it eventually changes phase to become steam, a gas. That means steam has
more energy than water, which has more energy than ice. You will learn more about phase

changes in Module 3.
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FIGURE 4 Adding or removing thermal energy can allow us to convert between phases of substances such as water.

Consider how the particles in the glass of ice water and cup of coffee are behaving. How
do they change as the ice warms and melts, and as the water cools? How do the particles in
the spoon change as heat is transferred to them? The summary in Table 1 can help guide you.
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TABLE 1 Summary of the three of phases of matter

Solids Liquids Gases
Volume keep own volume keep own volume take volume of container
Shape keep own shape take shape of container take shape of container
Kinetic energy low moderate higher
Intermolecular forces strong moderate weak

Check your learning 2.3

Check your learning 2.3: Complete these questions online or in your workbook.

Retrieval and comprehension Analytical processes

1 Define “kinetic energy”. (1 mark) 4 Explain why solids can keep their own shape,

2 Describe the kinetic particle model, using the while liquids and gases will take the shape of the
liquid phase as an example. (2 marks) containers they are placed in. (3 marks)

3 Explain how the kinetic energy of a substance 5 Compare the kinetic energy of the ice in the
differs when it is a solid compared to when itis a glass of ice water before it melts and after it has
gas. (1 mark) completely melted. (2 marks)

Lesson 2.4
Internal and thermal energy

Key ideas

— Microscopic (or internal) energy is the energy of particles at the atomic level, while
macroscopic energy is the energy of the bulk.

— Thermal energy consists of microscopic kinetic energy and the microscopic potential
energy stored within and between bonds.

— In thermal physics, microscopic energy, internal and thermal energy are the same.

©

Learning intentions

. . . >
What is microscopic energy:? and Suceess criteria
The kinetic energy of particles in a substance or object is also a type of “microscopic” kinetic . .
: microscopic

energy, but what does this mean? energy

Imagine a truck full of birds flying about inside. From inside the truck, the birds are in energy of the particles

. h lik il £ hat h hei Thi fth 1 that make up a

motion, much like particles of matter that have their own energy. This part of the analogy substance, including
represents the microscopic energy of an object or substance on the atomic or particle scale. microscopic kinetic

energy from the
motion of particles and
microscopic potential
energy (symbol £, s

unit: joule; symbol: J)

The motion can be vibrational kinetic energy, or rotational and translational kinetic energy.
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microscopic
potential energy
the energy stored in
the bonds within and
between particles of
a substance (symbol:
SI unit: joule;

‘P(micro)

unit symbol: J)

D
D
D
D
D
D
-
.
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00000000000

macroscopic
energy

big or bulk forms of
energy not at an atomic

scale (symbol: E
unit: joule; symbol: J)

macro®

FIGURE 3 The energy of a ball in flight is related to its
motion () and height (Ep), but note the gas molecules

shown inside the ball.
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In addition to kinetic energy, T
the particles of matter also possess
microscopic potential energy in
the form of:

¢ chemical energy — energy released ™~
when chemical bonds (covalent, prng g
ionic and metallic) are formed O_O N
*  nuclear energy — energy that could Vibrational Rotational Translational

be released when bonds are formed
between particles in the nucleus FIGURE 1 Three types of motion in particles
e intermolecular bond energy — the

energy gained or released when intermolecular

bonds between particles are formed.

”J ) — Particles B
Wi

— Strong
intermolecular

forces allow Y’
vibrational //i: P))

motion only

. & .
N\l

FIGURE 2 The main sources of microscopic potential energy in the three states of matter: (A) vibrational motion
in a solid; (B) translational motion in a liquid (plus some vibration and rotation); (C) translational, vibrational and
rotational motion in gases. There is also chemical energy and nuclear energy of the molecules.

Now, when you observe the truck from the outside, you cannot see the birds flying about
at all and the truck appears stationary. This is one representation of macroscopic energy,
which is the sort of energy you learnt about in Year 10.

What is macroscopic energy?

KE Macroscopic energy is due to the motion (velocity) or location
(height) of an object in a gravitational, electromagnetic or
electrostatic field. Consider a student passing a basketball
(Figure 3). What macroscopic energy does the ball possess?

A GPE

You would say the ball has kinetic energy (KE or E,) because
of its motion from being thrown. This means that as the object’s
velocity increases, its macroscopic kinetic energy increases. There
is also gravitational potential energy (GPE or Ep) due to the ball’s
height above the ground.

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

‘macro Ek (macro) p(macro)

But the ball possesses more energy than that.

What is internal energy?

Let’s consider the motion of the gas particles inside the
basketball. The total microscopic energy, E

micro

, is made up of
microscopic kinetic and microscopic potential energy.

‘micro Ek(micm) p(micro)
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The Ek<micr0> is made up of the microscopic kinetic energy due to translation, rotation and

vibration. The E , .
p(micro)

between and inside molecules (£, ), and the nuclear energy (F,

nuclear)

is the microscopic potential energy associated with chemical bonds
contained inside the
nucleus. The combination of microscopic kinetic and potential energy is called internal
energy. Internal energy, U, is therefore calculated using the same equation:

U = Ek(rnicm) p(micro)

What is thermal energy?
,and E

nuclear

In thermal physics, E_ are not considered to change in heating and cooling. If we
leave out these forms of energy, we are left with the microscopic kinetic energy of the particles,
and microscopic potential energy stored between bonds. This is thermal energy, E, .
Remember the example of a spoon in hot coffee in which there was a transfer of energy
from the hotter object (the coffee) to the cooler one (the spoon). We should now be able to
recognise the form of energy being transferred as internal energy, specifically thermal energy.
We cannot measure internal energy directly so, instead, we measure the change in internal

energy because this is the same as the change in thermal energy.

AU = AE,

What makes up the energy in a system?

A system is an isolated group of particles, such as in a balloon, an ice cube or a beaker of
water.

The total energy of the system (such as in the basketball) is the sum of the energy of
the object due to the macroscopic energy and microscopic energy:

E =EFE .
sys macro micro
Esys = Ek(macm) + Ep(macro) + Ek(micm) + Ep(micro)

We consider objects, such as the bird-filled truck, to be stationary systems in which there
is no change in macroscopic energy. This means that the change in energy of the whole
system during heating or cooling is due purely to change in internal energy:

AE =AU

sys

TABLE 1 The forms of energy that make up total (or “system”) energy, E.

sys

Macroscopic energy Microscopic energy

E, Ep £ Ep Ep

Type energy due gravity, vibrational, intermolecular | chemical

to movement | electric fields, | rotational, bonds (Echcm) and

(KE) magnetic translational between the nuclear bonds

fields energy of particles Erctear)
particles

System energy, E, | V4 v v v v
Internal energy, U v v v
Thermal energy, E, v v

Changes during stationary and doesn’t change | increases during heating doesn’t change

heating and cooling and decreases during cooling
(no change in E, during a

phase change)
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internal energy
the total microscopic
potential energy

and microscopic
kinetic energy of the
particles in a system
(symbol: Us; units:
joules; symbol: J)

thermal energy
the component of
internal energy
present in a system
that determines

its temperature
(symbol, £ ; unit:

joules; symbol: J)

total energy of
the system

the sum of the energy
present in a system,
including microscopic
and macroscopic
kinetic and potential
energy (symbol, E_;
unit: joules; symbol: J)
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How are all these terms connected?

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

¢ DPotential energy, Ep, is the energy associated with the bonding
forces in a system.

e Internal energy, U, is the total microscopic kinetic energy, E,

k(micro)’

and microscopic potential energy, Ep(micm)J of the particles in a
system. It does not include macroscopic energy.

U = Ek(micro) + E (micro)

FIGURE 4 This netball has both kinetic energy ) A . P .
from its motion and gravitational potential * Thermal energy, E, , is the total kinetic and potential energy of the
energy from its height above the ground. moving atoms and intermolecular bonds inside an object. It does not

. include chemical or nuclear potential energy.
Study tip p gy
Itis important Eh = Ek(micm) + Ep(micro, excluding chem and nuclear)
to be able to . . i
summarise and e Thermal energy is the portion of internal energy that changes when the temperature of the
distinguish between system changes. Therefore, a change in thermal energy has the same value as a change in

internal energy,
thermal energy and
kinetic energy. The e Heat is the transfer of thermal energy from a hot to a cooler object; that is, from an object

statements provided of high temperature to one of low temperature.
here are a good start.

Check your learning 2.4

Check your learning 2.4: Complete these questions online or in your workbook.

internal energy.

Retrieval and comprehension 3 Describe the difference between thermal and

1 Identify whether the internal energy of internal energy. (2 marks)
a substance is considered macroscopic or 4 Describe how heat, thermal energy and internal
microscopic energy. (1 mark) energy are related. (2 marks)

2 Describe the difference between macroscopic
and microscopic energy. (2 marks)

Lesson 2.5
Kinetic energy and temperature

Key ideas

— The particles in a substance do not all have the same kinetic energy; they fit on a
@ distribution and are discussed as average kinetic energy.

— When an increase in thermal energy causes an increase in the average kinetic energy,

Learning intentions temperature increases (without phase change).

and success criteria
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How is kinetic energy distributed?

When you heat up a substance, you are increasing its
thermal energy and thus its internal energy. We have seen
that heat is the transfer of this thermal energy from a hot
object, such as a hotplate or Bunsen burner flame, to a
cold one, such as a beaker of water. Earlier, we used the
example of hot coffee transferring some of its thermal
energy to a metal spoon. We now know that the addition
of thermal energy to a substance by heating can increase
its temperature. The opposite is also true, where removal
of thermal energy by cooling results in a decrease in
temperature.

If you increase the thermal energy of a substance,
the kinetic energy and hence the speed of the motion FIGURE 1 Perfume molecules evaporate and travel quickly as
increases. Before we explore this further, it is important to  1auid droplets and then a gas.
understand the distribution of kinetic energy in a substance.

Let’s consider the motion of particles in gases. Imagine that someone in your classroom
sprayed perfume in the air. Within a minute it would be smelt at the other side of the room.
The gas particles actually move at something like a few hundred metres per second, and
collide with each other and other gas particles about 6,000 times per second. Thus, they

travel a long, long distance to get to the front of the room.

Speed distribution
254

20
154

10

Relative number

T T T T T T T T T T
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Speed (ms™1)
—0°C ——500°C 1,000°C

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 about 400 ms™'.

It is 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. The hotter the particles become,
the more kinetic energy they have. The more kinetic energy they have, the faster they travel.

However, at any one moment in time, there will be some particles that are moving faster
and will have more kinetic energy, and some that are moving slower and have less kinetic
energy. When these particles collide, they do not lose energy but tend to swap it. If a fast and
a slow particle collide, they bounce off each other and the fast one becomes slow, and the slow
one becomes fast.
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temperature

the average kinetic
energy of a system of
particles, typically
expressed according
to a comparative scale
such as the Celsius
temperature scale;
what a thermometer
measures
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At a temperature of 500°C, the most common speed for oxygen molecules is 650m s~ and
at 1,000°C it is 800 ms™'. Note that as temperature increases, the average increases, and the
curve flattens. Physicists call this the Maxwell-Boltzmann distribution. This curve is for the
gaseous phase, but is similar for liquids.

When we talk about kinetic energy of a substance or system, it is simpler for us to refer to
its average kinetic energy.

Challenge

Air on your skin

Imagine a 1cm square on your skin. Every second there are 10?2 “blows” from air
molecules. Can you detect them? If you can’t, state some reasons why you can’t feel
these blows. If the blows stopped, predict what you would feel. (4 marks)

How does heating affect kinetic energy and temperature?

Heating causes the average kinetic energy of the particles to increase. For instance, if you heat
100mL and 200mL of water in beakers on a hotplate, the particles get faster and faster and
their kinetic energy increases. This process involves the absorption of thermal energy. The
larger volume needs to absorb more heat for it to reach 100°C than is needed for the smaller
volume, so the total kinetic energy is greater for the 200 mL of water. But when the water in
each beaker boils, the average kinetic energies of their molecules are the same.

We can now say that temperature is a measure of the average Kinetic energy of the
particles in a system. In other words, “changes in temperature” are due to the addition
or removal of thermal energy from a system and will change the average kinetic energy
of particles in the system. As more thermal energy is absorbed, kinetic energy increases,
and temperature increases; as thermal energy is removed, Kinetic energy decreases, and
temperature decreases.

Check your learning 2.5

Check your learning 2.5: Complete these questions online or in your workbook.

Retrieval and comprehension 4 Analyse the graph in Figure 2 to evaluate the
1 Define “temperature” in terms of kinetic energy. statement: “doubling the Celsius temperature of
(1 mark) oxygen gas from 500°C to 1,000°C doubles the

2 Describe the relationship between temperature
and kinetic energy. (1 mark)

Knowledge utilisation

most common speed of the oxygen molecules.”
(2 marks)

5 Evaluate the following statement: “slow
molecules of a gas stay slow unless their

3 Analyse the graph in Figure 2 to evaluate the temperature is changed”. (3 marks)
statement: “at higher temperatures, the spread of 6 Propose why nitrogen does not settle near the
speeds of oxygen molecule is also greater.” ceiling and oxygen near the floor given that air is
(2 marks) made up mostly of nitrogen and oxygen, and that

nitrogen is lighter than oxygen. (1 mark)
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Lesson 2.6
Measuring temperature

Key ideas

— The thermometer is a good example of thermal expansion as explained by the kinetic
particle model of matter.

— The Fahrenheit, Celsius and Kelvin scales are used to measure temperature.

How do we measure temperature? @

Remember at the start of this module that we defined temperature as “what a thermometer Learning intentions
measures”. That was called an operational definition, as it told us how to measure the physical 4 success criteria
quantity called temperature. We promised a theoretical definition and in the previous lesson,

you saw it defined as a measure of the average kinetic energy of the particles within a system.

So how do we measure temperature and what units are used? 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

(thermometers) use the property of expansion and contraction. thermometer
a device used to

Heating causes substances to expand (become less dense). You will have seen hot
measure temperature

air balloons; you might have even been in one. A flame is used to heat the gas. As the
temperature increases, the average kinetic energy of the gas increases and so the average
speed of gas molecules inside the balloon increases. Gas thus expands and pours out from
under the balloon, so the balloon gets lighter and rises.

This process, called thermal expansion, also occurs in liquids and is what thermometers  thermal
expansion

rely on to function. In schools, the alcohol-in-glass thermometer is most common, whereas
the process by which

the mercury-in-glass thermometer is quite common in industry and research where a bigger heat causes an increase

temperature range is needed. in the kinetic energy of
. . . . articles, leading them
Thermometers are calibrated to indicate the temperature. As temperature increases, the P ? &

to spread apart and

alcohol or mercury expands up a fine tube in the glass thermometer. The markings on the occupy a larger volume
thermometer depend on the scale used (Figure 1).

Alcohol

10 20 30 40 50 60 70 80 90 100 110 °C )

Bulb Tube

FIGURE 1 A liquid-in-glass thermometer. This one has alcohol with a red dye, which expands more rapidly than
the glass containing it. When the temperature of the thermometer 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.
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Real-world physics

Climate change and the kinetic particle model of matter

Meteorologists use the kinetic particle model of matter to model the
behaviour of gases in Earth’s atmosphere. It helps them make crucial
predictions for weather forecasting and modelling of human-induced
climate change.

Apply your understanding

1 Explain what happens to the average kinetic energy of gas molecules
as global temperatures rise. (1 mark)

2 Physicists in the USA have concluded that the number of home runs
in baseball has increased because of global warming. They say the
thinning air allows the ball to travel further. Explain why the air is
thinner, in terms of the kinetic particle model of matter. (2 marks)

3 Reflect on one other unforeseen consequence of global warming, with

respect to its impact on the behaviour of gases. (1 mark)

Fahrenheit scale
a temperature

scale that takes the
temperature at which
a salt—water mixture
freezes into ice as
0°F, and Daniel
Fahrenheit’s body
temperature as 100°F

Celsius scale

a temperature

scale that takes the
temperature at which
pure water freezes as
0°C and its boiling
point as 100°C
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FIGURE 2 Meteorologists release
a weather balloon to collect
atmospheric data.

What temperature scales can we use?

Throughout history, scientists have made up their own scales to measure temperature. For
example, Sir Isaac Newton made up a temperature scale in which the freezing point of water
was 0 degrees and normal body temperature was 12 degrees.

The Fahrenheit scale

A German physicist, Daniel 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. However, Fahrenheit’s metabolism was higher than that of most people, so 100°F for
him resulted in 98.6°F as the body temperature for the average person. On the Fahrenheit
scale, the freezing point for water is 32°F and the boiling point is 212°F. This is an important
point of reference later for when we compare to the other temperature scales.

Although the Fahrenheit scale is no longer used in Australia, it is still used in several other
countries such as the United States, Liberia, Bahamas, Belize, Palau and the Cayman Islands,
but only for day-to-day temperatures — not for science. Scientists in all countries use Celsius
for their research as it has become the worldwide standard.

The Celsius scale

An easier decimal temperature scale was invented by the 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 its 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.
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The 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?

The graph in Figure 3 shows the relationship between kinetic energy and
temperature in degrees Celsius. When we extrapolate this graph to —273°C,
the kinetic energy of the gas particles becomes zero (i.e. all particle motion
stops). This point is called absolute zero on the Kelvin scale of temperature.
The Kelvin scale is used by scientists using data from temperature
experiments, as it doesn’t have negative values, so it makes relationships
simpler to express.

At 0K, the kinetic energy of the particles should be zero. However, in
terms of quantum mechanics (which is beyond what we need to know here),
there is said to be some residual energy in the particles. This is called “zero-
point energy”. In QCE Physics, we will say that, at 0K, the system is in the
lowest energy state rather than the zero energy state.

One degree on the Kelvin scale is equal in magnitude to one degree on the Celsius scale.
Therefore, changing Celsius temperature (7}.) to temperature in kelvin (7',) simply requires the

addition of 273 to the Celsius value.

Effect of temperature on kinetic energy

[T
Kinetic
energy
A
A
P
-300\-200 -100 0 100 200 300
Temperature (C°)
-273°C

(absolute zero)

FIGURE 3 The relationship between
temperature and kinetic energy, and the
establishment of absolute zero. The line cuts the
x-axis at —273°C. This point is called “absolute
zero” or zero kelvin (0K). Pressure can also be
used on the y-axis for a similar result.

Kelvin scale

a temperature scale
that takes absolute zero
as 0K and the melting
point of ice as 273K

T.=T.+273 oC A K
100 —4|it— 373
Converting between temperature scales 40 —{f+— 313
Use the correct formula to convert
a 50°C to kelvin (1 mark) 0—— 273
b 486K to °C. (1 mark)
T S
Step 1: Look at the cognitive verb and mark | “Use” means to apply knowledge or rules to put 273 —l— o
allocation to determine what the question is theory into practice. We need to use a formula.
asking you to do. Each part is worth 1 mark, so we must correctly
use a formula and complete a calculation for l
each.
Step 2: Select the correct formula. T,=T.+273 FIGURE 4 A
comparison of
Step 3: Substitute the known values into the 3 7, =50 + 273 temperature in
formula and find the unknown. =323 degrees Celsius and
b 486 =1T.+273 kelvin
T.=486—-273
=213

323K (1 mark)
213°C (1 mark)

Step 4: Finalise your answer and make sure a
you have included the correct units. b

Use the correct formula to convert
a —-15°C to K (1 mark)

b 25°C to K (1 mark)

¢ 100K to °C. (1 mark)
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Study tip

The Celsius and kelvin
temperatures differ by
273.15, but we use a
rounded value of 273
when converting. Just
add or subtract 273.

Founder

Name of scale
Unit symbol
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Daniel Gabriel Fahrenheit

Fahrenheit scale
°F (e.g. 77°F)

Unit description 77 degrees Fahrenheit

Real-world physics

The development of temperature scales

Anders Celsius

Table 1 shows you how to correctly represent each temperature.

TABLE 1 How to refer to each temperature scale correctly

William Thomson

(Lord Kelvin)
Celsius scale Kelvin scale
°C (e.g. 25°C) K (e.g. 298K)
25 degrees Celsius | 298 kelvin

(note the lowercase “k”)

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 they were not measured — except, perhaps, in a
very rough way such as when a physician put their hand on a patient’s forehead and diagnosed “fever heat™.

Over the past 500 years, numerous temperature scales have been developed. Some of these are outlined in
the timeline shown. The various scales were developed to suit different purposes. Isaac Newton, for instance,

was the Master of the Royal Mint in England (1699) and oversaw the production of gold coins. He knew that

the gold shrank as it cooled, so coins stamped out at the start of a run had less gold than those at the end of
the run. He instructed that coins could only be minted at a certain temperature, or, as he called it in Latin,
“gradus caloris” (“the same degree of heat™) and developed a linseed oil thermometer for this purpose.

1612

Santorio Santorio added
a numerical scale to the
thermoscope.

1654

Ferdinando II de’ Medici, the
grand duke of Tuscany, had a

strong interest in new

technology. He developed the

first enclosed thermometer,
but it still had no scale.

1714

Daniel Gabriel
Fahrenheit created a
mercury-based
thermometer (based on
the work of Roemer),
and then developed his
own scale to go with it
in 1724.

1848

William Thomson (an
Irish inventor later known
as Lord Kelvin)
developed the Kelvin
scale using the concept of
‘absolute zero’.

; 3y

1593

Galileo Galilei is one of a
number of inventors to develop a
‘thermoscope’. A thermoscope
helped people to identify when
changes in temperature were
occurring, but couldn’t show
exact temperature degrees.

1701

Ole Roemer, a Danish physicist,
proposed the Roemer scale for
his alcohol-based thermometer
where the freezing point of water
is 7.5 degrees and the boiling
point of water is 60 degrees.

FIGURE 5 Timeline of the development of different temperature scales
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Anders Celsius developed his
temperature scale not long after the
development of the Fahrenheit scale, but
it was not the Celsius scale as we know it

today. Boiling point was 0 degrees

while freezing point was 100 degrees.
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Apply your understanding

1 Describe the problem with temperature measurement before scales were invented. (1 mark)

2 Evaluate the following statement: “The three common temperature scales — Fahrenheit, Celsius and

Kelvin — were developed in the order stated. Each was an improvement on the previous scale.” (5 marks)

3 The United States is one of the few countries in the world to still use the Fahrenheit scale. Discuss the
problems associated with using the Fahrenheit scale. (3 marks)

Check your learning 2.6

Check your learning 2.6: Complete these questions online or in your workbook.

Retrieval and comprehension

1 Identify the lowest possible temperature on the
Kelvin scale. Explain why it is called “absolute
zero”. (2 marks)

2 Explain why the liquid in a glass thermometer
rises as it heats up. (3 marks)

3 Use the correct formula to convert the following
temperatures to K.
a 20°C (1 mark)
¢ 520°C (1 mark)

b -150°C (1 mark)
d -72°C (1 mark)

Analytical processes

5 Deduce the scale an overseas friend is using

if they say their child has a temperature of

99 degrees. (1 mark)

Determine the change in temperature when a
thermometer reading goes from 25.0 = 0.5°C to
42.5 £ 0.5°C (3 s.f.) including the percentage
uncertainty for the result (1 s.f.). (2 marks)
Determine which thermometer reading

has the least uncertainty: an alcohol-in-glass

thermometer with a resolution of 1°C (scale
division), or a digital thermometer that can be
read to one decimal place. (2 marks)

e -263°C (1 mark)
4 Use the correct formula to convert the following

temperatures to °C.

a 50K (1 mark)

¢ 1000K (1 mark)

b 278K (1 mark) 8 Discuss why the percentage uncertainty for a

thermometer reading must be done using kelvin
d 273K (1 mark)

temperatures and not Celsius temperatures.
Note: Go to Lesson 1.7 in your Physics toolkit.
(3 marks)

Lesson 2.7 @

Precision and accuracy of
thermometers

oxforddiaital This practical lesson is available on Oxford Digital. Itis also
9 provided as part of a printable resource that can be used in class.

Learning intentions
and success criteria

4

Video demonstration
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©

Learning intentions
and success criteria

thermal energy
transfer

the process of
transferring thermal
energy from a hot
object to a cooler one;
also known as heat
transfer

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

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, so they pass the
energy on.
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Lesson 2.8
Heat transfer

Key ideas

— Heat can be transferred by conduction, convection, and radiation.

How is heat transferred?

Whenever there is a temperature difference, thermal energy transfer (or heat transfer)
occurs. We know this is called heating or 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 heat transfer by choosing materials such as thick clothing for winter, by controlling air
movement such as through the use of fans, or by choice of colour such as selecting a white car
to reflect the Sun’s rays. Because so many processes involve heat transfer, it is hard to imagine
a situation in which no heating or cooling occurs. However, every transfer takes place by just
three processes: conduction, convection and radiation.

What is conduction?

Conduction (from the Latin word “conducere” meaning “to lead together™) is heat
transfer through stationary matter by physical contact. Fast-moving particles bump into
slow-moving particles and transfer some of their energy in the process. Thus, the direction
of transfer is from more energetic to less energetic particles. It can occur within a substance
(such as along a metal rod), or from one substance to another (such as from hot coffee to
a spoon).

Conduction within a substance

Conduction within a substance involves the transfer of thermal energy
through a medium by the vibrating particles of the medium, without
the particles actually moving from one place to another. The kinetic
particle model helps us understand how this works. Particles in a

solid are vibrating and are bonded to their neighbours. When a solid
is heated, the thermal energy in transferred to the particles and they
vibrate faster.

If the solid is a metal, electrons in the lattice structure are freely
moving and can transport energy quickly to neighbouring metal
atoms. This is heat transfer by mobile electrons.

In non-metals, the atoms are tightly fixed and there are no mobile
electrons. For example, in diamond there are strong bonds between
carbon atoms, and the electrons are involved in the formation of these
bonds. This means that conduction of heat in a non-metal relies on
collisions between neighbouring particles. This is a slow process
because it relies on the movement of atoms, which are so much heavier
than electrons. Hence, diamond and most non-metals are poor
conductors of heat.

OXFORD UNIVERSITY PRESS
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Conduction from one substance to another i

Let’s revisit the hot drink example again. In this case, we will use vibrations

a cup of tea instead of coffee, but the same core principle applies:
the heat transfer occurs by conduction from one substance to
another.

The particles in the hot drink are moving faster than those

Vibrations
passed
up spoon

of the cold metal teaspoon. When the teaspoon is placed in the
drink, the fast-moving particles collide with the particles of the
spoon. In this process they transfer some of their thermal energy il , ,
to those metal particles in the spoon. These particles then vibrate - 4 Fast

and cause their neighbours to vibrate. Since the teaspoon is metal, [ &7 % ,, vibrations
the electrons also speed up and transfer this energy to the rest of : : S
the metal. This continues until all of the particles in the spoon
and liquid have the same thermal energy — that is, they reach

thermal equilibrium. FIGURE 2 Transfer of thermal energy from a hot drink
to a metal spoon by conduction

Real-world physics

Watching icebergs melt

Scientists have been researching the
factors affecting iceberg melting for at
least 60 years. The melting and breaking
up of polar ice has become an even more
important issue since the effects of climate
change were recognised.

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 around it. 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 rate of FIGURE 3 It is hard to tell the size of the Antarctic icebergs in this photo,
melting. but they are actually the size of office blocks.

When an iceberg melts, it often cracks
into two pieces. Depending on the size and shape of these new pieces, it may “roll over” (flip). In Figure 3,
you can see icebergs of different sizes — these will melt at different rates.
Apply your understanding

1 Describe the change in surface area of an iceberg when it breaks into two pieces. (2 marks)

2 Explain, in terms of heat transfer processes, why there is a difference in the rate of melting when an
iceberg breaks into two pieces. (3 marks)

3 Propose why a “rollover” changes the melting rate of an iceberg if the surface area does not change.
(3 marks)
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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 the
colder, more dense
material, which sinks
under the influence of
gravity

convection
current

the pathway in which
fluid (liquid or gas)
particles flow as they
heat up (become less
dense) and cool down
(become more dense)

Study tip

Remember the
relationship between
kinetic energy and
volume (and density).
As kinetic energy
increases, volume
increases and density
decreases.

Warm land

/ Saucepan B

0 Campion Education (Aust) Pty Ltd on 29/10/2024 under licence.

What is 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 move and carry thermal energy with them.
This process is a bulk movement driven by the tendency of hotter and therefore less dense
material to rise, and colder, more dense material to sink under the influence of gravity. As
solid particles do not move, convection is confined to bulk fluids (i.e. liquids and gases).

For example, when a saucepan of water is placed on a stove, it is heated from the base
of the saucepan. The particles in the water that are closest to the stove elements absorb
thermal energy and vibrate faster. The fluid becomes less dense, and the particles rise
through the saucepan. The cooler water is less dense, so the particles move downwards
to replace the hotter particles that rise. The rising hot particles cool as they move higher
and therefore a recirculation occurs, as shown in Figure 4A. This is called a convection
current.

If heat is constantly being applied by the stove, the particles keep getting hotter, and the
current helps to warm up all the particles in the saucepan evenly. This only occurs when
there are bulk fluids.

A similar process occurs when a pot-belly stove is used in the centre of a room and when
onshore breezes are warmed by the land.

Warm
air rising
Water

Convection
current

Stove

element Cool air

Pot-belly stove

Warm \_/
air rising

Onshore
breezes

Cool sea

FIGURE 4 (A) Convection currents in a saucepan of water; (B) a pot-belly stove warms a room by setting up convection currents;
(C) convection currents arise in the evening of a warm day, because of the difference in temperature between the land and the sea, creating

onshore breezes.

66 PHYSICS FOR QUEENSLAND UNITS 1 & 2

OXFORD UNIVERSITY PRESS

This work must not be reproduced, stored, transmitted or circulated in any other form.



Provisioned to Campion Education (Aust) Pty Ltd on 29/10/2024 under licence.

Free convection and forced
convection

There are two types of convection.
Free convection (or natural
convection) relies on the differences in
density due to temperature differences,
thus resulting in natural movement of
particles. This is assisted by gravity.
Forced convection involves artificially
inducing movement (e.g. by using a fan,
wind or a pump).

What is radiation?

FIGURE 5 A photo taken from NASA’s International
Space Station of the sunset over Earth

In conduction and convection, the vibration or movement of particles results in heat energy

transfer. But how does heat energy move between places where no particles exist? How does

heat energy travel between the Sun and Earth through the vacuum of space?

Where no particles exist, heat is transferred by radiation. The word “radiation” is

from the Latin “radiare” meaning “to emit beams”. Radiation involves the movement of

heat energy by waves called electromagnetic waves. These waves travel through space at a

speed of 3 x 103ms~!. We call this
electromagnetic radiation.

Type of radiation

In thermal physics, we are
interested in thermal (infrared)
radiation, which is the
electromagnetic radiation emitted by
bodies because of their temperature.

Radio waves

It differs from visible light, X-rays, 650 nm
radio waves, and microwaves as they Red
are not related to temperature. Objects )

. . Microwaves
that are hot emit more infrared Orange
radiation than those that are cool.
This radiation cannot be seen with

Yellow Infrared

the naked eye, so we need the help of
technology to see it. You may have

Wavelength
(micrometres)
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