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How to use this book

PEARSON PHYSICS 12 QUEENSLAND STUDENT BOOK

Pearson Physics 12 Queensland Student Book has been written to the new QCAA Physics General Senior Science
Syllabus. The book is an easy-to-use resource that covers Units 3 & 4 and comprehensively addresses skills and

assessment requirements.

Explore how to use this book below.

Design

The best-practice literacy and
instructional design supports all
learners. A simple-to-navigate
predictable design enables ease of
use. The high-quality, relevant photos
and illustrations assist student
understanding of concepts.

Science as a human
endeavour

This feature provides an
opportunity to appreciate the
development of science and its
use and influence on society. The
SHE features provide a segue
into the development of claims
and research questions for the
research investigation.

3.1 Inclined planes .——

el _BY THE END OF THIS MODULE, YOU SHOULD BE ABLE T0:

:4 SCIENCE AS A HUMAN ENDEAVOUR

Chapter opener

The syllabus subject matter
addressed in each chapter is
clearly listed, along with any
science as a human endeavour
features and mandatory
practicals.

Module

Module openers outline the

key concepts and skills to be
developed and link to the syllabus
subject matter listed in the
chapter opener.

Artificial satellites

In October 1957, the Soviet Urion launched a sateits, Sputnik

10°*kg,and R s the
arth, 6378k,
e slowly will have a greater period

T, around Earth as the

Satelites inlow-Earth orbit,

e the height above
the

cweeRs | o 113

CHAPTER

1 @ Special relativity

e

Syllabus subject matter
ial relativity

o Pythagoras’ theorem
Pythagoras’ theorem is a® + b? = ¢?,
where c is the hypotenuse (the
longest side) and a and b are the
two shorter sides of a right-angled
triangle. The hypotenuse is easily

‘ Y ised as it is directly across
| from (opposite) the right angle of
the triangle.
Highlight box

Highlight features focus
students’ attention on
important information such as
key definitions, formulas and
salient points.



Worked examples
Worked examples use sequential

steps of thinking and working to
model calculations and problem-
solving, step-by-step. Each
Worked example is followed by a
Try yourself task where students
apply their learning to a mirrored
problem, to practise the skill.
Fully worked solutions to all Try
yourself problems are available
online on Pearson Physics 12
Queensland Teacher Support.

SkillBuilder

A SkillBuilder outlines a method
or technique. Each is instructive
and self-contained. SkillBuilders
step students through the skill
to support science application
required when analysing or
utilising knowledge.

Mandatory practicals

The student book includes all
mandatory practicals. Practicals
fully address the syllabus
requirements. Each practical has
been trialled and tested to ensure
it can be safely performed and
yields effective, safe results.

appr 9.8m
Worked example 3.1.1
WEIGHT AND MASS.

> Try yourself 3.1.1
WEIGHT AND MASS

o land the Apollo 11 ast
gravitational fed ' 162

the Moon of
fsin

THE NORMAL FORCE

SKILLBUILDER

Evaluating sources for validity and reliability
o an refabity of  sutc ca be achllgin s, specaly o novicelamers. o some

not

Relabilty

continued over page

CHAPTER 1 | i e el13

—’ MANDATORY PRACTICAL 1

Projectile motion
onrange

—the effect of launch angle Ei

Rationale (scientific background to the

experiment)

alor improvised,

CHAPTER2 | VECTORS ANDPROECTLEMOTON 33

Module summary

Each module concludes with
a summary to consolidate key
points and concepts.

2.5 Review .
®

B d,the - The for uniform

Module review

Key questions are provided to
test students’ understanding
of concepts. Tasks are carefully
categorised under the relevant
cognitive level—retrieval,
comprehension, analysis—and
are developed to assess the
syllabus requirements.



Chapter review

Each chapter finishes with a
list of key terms covered in the
chapter and a set of tasks to
test students’ abilities to apply
the knowledge gained from the
chapter.

Unit review

Each unit finishes with a
comprehensive set of exam-style
questions, including multiple
choice, short answer and
extended response. These review
questions assist students to draw
together their knowledge and
understanding of the whole unit.

UNIT 3« REVIEW o &

Topic 1: Gravity and motion

Matizh chcin

Glossary Answers

Key terms are shown in bold
throughout the Student Book
and are listed at the end of
each chapter. A comprehensive
glossary at the end of the book
defines all the key terms. The
glossary aligns with the syllabus
context and includes the QCAA
defined terminology.

viii

Numerical answers and key
short-response answers are
included at the back of the
book. The Pearson Physics 12
Queensland Reader+ eBook
provides comprehensive answers
to all tasks; and fully worked
solutions for all module review
tasks, try yourself, science as

a human endeavour, chapter
review questions and unit review
questions.

Go To icons make :
important links to
relevant content within the :
student books in the course.

The Go To icons indicate where to
engage with Chapter 1 in your
eBook.

Every mandatory
practical is supported
by a complimentary
SPARKIab alternative practical.

The Pearson Physics Skills and

- Assessment book icons indicate

the best time to engage with an
activity for practice, application
and revision.

The type of activity is

indicated as follows:

Worksheet (WS)
Topic Review (TR)
Mandatory Practical (MP)

Practical Activity (PA)

Sample Assessment
Task (SAT)

The Reader+ icon

indicates when to engage
with an asset via your

Reader+ eBook. Assets

may include videos and
interactive activities.
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Student Book

Pearson Physics 12 Queensland Student Book has been developed by
experienced Queensland teachers to address all the requirements of
the new QCAA Physics General Senior Syllabus. The series features
the very latest developments and applications of physics, literacy
and instructional design to ensure the content and concepts are fully
accessible to all students.
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Skills and Assessment book

Pearson Physics 12 Skills and Assessment book gives students the edge in
preparing for all forms of assessment. Specifically prepared to provide
opportunities to consolidate, develop and apply subject matter and
science inquiry skills, this resource features a toolkit, key knowledge
summaries, worksheets, practical activities and guidance, assessment
practice and topic review sets.

@ Pearson

Reader+ the next generation eBook

Reader+ is our next generation eBook. Students can read, take notes,
save bookmarks and more in the one seamless experience. Integrated
multimedia (audio/video) and interactive activities enhance and
extend the learning experience.

Teacher support

Pearson Physics 12 Queensland
Teacher Support provides:

+ complete answers, fully worked solutions
or suggested answers to all the questions
in the Student Book and Skills and

Assessment book | jpr—

+ expected results, common mistakes, suggested answers and full
safety notes and risk assessments for all practical activities

» teaching and learning assessment programs.

Access your digital resources at pearsonplaces.com.au
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Understanding the course

Begin your study of the Physics Units 3 & 4 course by
clearly establishing what you are required to do and
where you can go to for help. Your teacher will teach and
guide you through the course. Your Pearson Queensland
Physics Units 3 & 4 resources are a one-stop shop for
support in every aspect of the course. This support is
delivered via two resources:

The syllabus details all the requirements of the QCAA
Physics General Senior Science course. This syllabus
document is long and challenging to interpret. The Pearson
resources comprehensively unpack and address all aspects
of the syllabus, presenting all the subject matter, practical
experiences and application opportunities (questions and
activities) in a user-friendly way. Refer to the following

* Pearson Physics 12 Queensland Student Book
» Pearson Physics 12 Queensland Skills and

Assessment book.

tables for a summary of where to look for different types

Guide to syllabus support in Pearson resources

Where do | go for help

with ... ?

ensuring coverage of the
syllabus

Pearson Physics 12 Queensland Student Book

The student book is organised by units, and the
unit opener outlines the unit objectives addressed.

The student book is further organised into chapters.
Each chapter opener addresses specific subject
matter and mandatory practicals, quoted from the
syllabus.

Module openers within each chapter restate subject-
matter learning outcomes in student-friendly
language.

of syllabus support, and where to look for summative
assessment support.

Pearson Physics 12 Queensland Skills and
Assessment book

The Skills and Assessment book is organised by
units, and the unit opener outlines the unit objectives
addressed.

The Skills and Assessment book is further organised
into topics. Each topic addresses all of the subject
matter and mandatory practicals, and is quoted from
the syllabus.

subject matter and
applications

All subject matter is thoroughly covered. SkillBuilders
and worked examples scaffold and model
applications. Further opportunities to practise are
provided through mirrored try yourself problems.

The subject matter is summarised for each topic in
key knowledge summaries that provide handy notes
for revision and study.

Extensive opportunities to apply learning from the
student book are provided through worksheets,
practical activities, topic review sets and sample
assessment tasks.

calculations using
algorithms

Chapter 1 Physics skills and assessment toolkit
(eBook) is a reference tool for refreshing your skills
with calculations and other key physics skills.

Many worked examples in chapters model the use of
calculations using algorithms.

Opportunities to apply and practice performing
calculations and using algorithms are integrated
throughout worksheets, practical activities and
question sets.

mandatory practicals

All mandatory practicals are included and have been
structured to reflect the structure and assessment
objectives of the student experiment to provide
consistency and experience.

All mandatory practicals are included and have been
structured to reflect the structure and assessment
objectives of the student experiment to provide
consistency and experience. These are more
scaffolded in the Skills and Assessment book, but
provide the same learning outcomes.

Additional practicals are also included to provide
further practice and opportunities for drawing out
your student experiment.

general skills in science

Chapter 1 (eBook online) is a reference tool covering a
wide range of basic skills and understandings, such as
use of significant figures, units of measurement, tables
and graphs, errors and uncertainties.

definitions of key terms

The detailed glossary explains all key terms that are
in bold throughout the student book. Where the term
is defined in the QCAA syllabus, you will find this term
and definition is reproduced in the glossary.




practice questions and
answers

At the beginning of your student book (pages xii to xiii)
you will find a Marzano and Kendall taxonomy guide,
which unpacks each of the cognitive verbs and helps
you interpret the requirements of the question. This
helps ensure that the answer you provide meets the
syllabus expectations and maximises the mark you
will receive.

A large number and variety of questions are available
to check for understanding and provide practice.
Questions are provided in each:

* module review
« chapter review
* unit review.

Questions are organised by complexity of thinking and
are presented in instruction form, as per the data test
and external assessment.

You will also find questions in each mandatory
practical, and the Science as a human endeavour
feature.

Worksheets and practical activities provide
contextualised opportunities to practice and answer
questions.

practice exams

Chapter 1 Physics skills & assessment toolkit
(eBook) Part D

End of unit review questions are presented in a style
similar to that you will experience in the exam.

End of topic review questions are presented in a style
similar to that you will experience in the exam.

Guide to summative assessment support in Pearson resources

Where do | go for help

with assessments?

Pearson Physics 12 Queensland Student Book

Pearson Physics 12 Queensland Skills and
Assessment book

data test

Chapter 1 PART A (eBook online) provides examples
and steps for performing calculations, analysing and
presenting data.

Sample assessment task IA1

student experiment

Chapter 1 PART B (eBook online) unpacks the
requirements and provides a detailed guide for
completing this assessment.

Sample assessment task I1A2

research investigation

Chapter 1 PART C (eBook online) unpacks the
requirements and provides a detailed guide for
completing this assessment.

Sample assessment task IA3

external examination

Chapter 1 PART D (eBook online) provides helpful tips
and guidance in preparing for and showcasing your
knowledge in an examination.

Unit review—exam-style questions

Topic review

xi




Understanding assessment instructions

The QCAA Physics 2019 General Senior Syllabus uses an
inquiry approach, guiding students in a systematic way to
a better understanding of the world.

You will notice as you read through the syllabus for
Units 1 to 4 that many terms are underlined. Two
examples are provided:

a the General Senior Syllabus objectives
b asample of topic subject matter.

The General Senior Syllabus objectives
showing the underlining of terms

Unit
3

Unit

Syllabus objective Unit | Unit
4

1 2

1 | describe and explain
scientific concepts, theories,
models and systems and
their limitations

2 | apply understanding of
scientific concepts, theories,

models and systems within
their limitations

3 | analyse evidence

4 | interpret evidence

5 | investigate phenomena

6 | evaluate processes, claims
and conclusions

7 | communicate

understandings, findings,
arguments and conclusions.

The QCAA syllabus states that students ‘are required to
use a range of cognitive processes to demonstrate they
meet the syllabus’. Many of the underlined words in the
syllabus are action verbs. These verbs are often placed
at the start of dot points, to identify the level of thinking
(cognitive process) you are expected to demonstrate.
Note the action verbs from the two syllabus extracts.

0 Remember the cognitive verbs used in the Syllabus
subject matter dot points indicate the highest level of
thinking and subject engagement to be covered. You
will not be assessed at a higher cognitive level.

Xii

A subject matter description from Physics
Unit 3, Topic 1 showing the underlining of
terms

Subject matter

Vectors

» use vector analysis to resolve a vector into two perpendicular
components

* solve vector problems by resolving vectors into components,
adding or subtracting the components and recombining them to
determine the resultant vector.

Projectile motion

« recall that the horizontal and vertical components of a velocity
vector are independent of each other

« apply vector analysis to determine horizontal and vertical
components of projectile motion

* solve problems involving projectile motion.

» Mandatory practical: Conduct an experiment to determine the
horizontal distance travelled by an object projected at various
angles from the horizontal.

UNDERSTANDING COGNITIVE PROCESSES
AND VERBS

It is important to understand that the verbs that drive the
syllabus objectives and topic subject matter are not randomly
chosen. By gaining a better understanding of cognitive verbs,
you will be able to respond more satisfactorily to questions
and instructions in assessment tasks.
Cognitive verbs are signals to the learner of the type of
thinking to be demonstrated. For example:

+ the verb evaluate indicates that an assessment or

judgment must be made

» the verb describe requires that an account or outline
be provided.

There is a difference between the thinking needed by each of
these verbs. To evaluate is of a higher level of thinking than to
describe. Generally, the higher the thinking level required in a
task, the more challenging it is.
Cognitive verbs can be arranged or classified into different
levels of thinking (also known as cognitive processes) ranging
from remembering to complex thinking. The QCAA syllabus
uses an arrangement (taxonomy) of cognitive processes
devised by educational researchers Robert Marzano and
John Kendall.



In this arrangement, four levels of cognitive process are
identified: retrieval, comprehension, analysis and knowledge
utilisation. An outline of these levels is provided in Chart A.
A large number of different cognitive verbs are used in the
syllabus. These verbs can be aligned with different levels of

thinking as shown in Chart B.

Pearson Physics 12 Queensland Student Book provides a
comprehensive number of questions and instructions. The
review question sets are arranged by cognitive levels using
the Marzano and Kendall taxonomy and provide students with
the opportunity to demonstrate knowledge and application of

the subject matter at the following levels:

Module review — Retrieval, Comprehension and Analysis
Chapter review — Retrieval, Comprehension, Analysis and

Cognitive processes—levels of thinking

(Marzano and Kendall taxonomy)

CHART A Cognitive processes, as arranged by Marzano and Kendall

Retrieval Comprehension | Analysis Knowledge
utilisation
Level 1—basic Level 2—higher Level 3—more Level 4—most

level of thinking

* Involves
remembering,
recalling,
recognising
and executing
information.

level of thinking

than Retrieval

* Involves
understanding
and identifying

key information.

complex levels
of thinking than

complex thinking
level

Comprehension * Involves

* Involves applying
examination information
of information to investigate,
and the experiment,
identification problem solve
and separation and make
into its decisions.

separate parts.

Knowledge utilisation
Unit review — Retrieval, Comprehension, Analysis and
Knowledge utilisation.

Increasing complexity of thinking
Each level of thinking builds upon lower levels. For example,

you must he able to retrieve information and comprehend it

before you can analyse it.

CHART B Cognitive processes, associated verbs and sample instructions and questions

Cognitive processes, associated verbs and sample ques

differentiate
0 Note that some cognitive verbs appear in

more than one cognitive level.

| 1

0 Note that a question may not necessarily
include a cognitive verb.

develop (e.g. a
strategy, product or
process)

devise
discuss/explore
draw conclusions
evaluate

experiment/test
(e.g. hypotheses)

Retrieval | Comprehension ‘ Analysis Knowledge utilisation
Processes: Processes: Processes: Processes:
* recognising * integrating * matching + generalising * investigating + decision-making
» recalling » symbolising * classifying » specifying + experimenting -+ problem-solving
* symbolising + analysing errors
Cognitive verbs Cognitive verbs ‘ Cognitive verbs Cognitive verbs
define paraphrase calculate illustrate analyse discriminate adapt explore (e.g. information,
(e.g. numerical . e . . ideas, components) into a
demonstrate  recall e gplerr;int apply distinguish appraise wiele, T GIEC) 1o Gisie
describe recognise mathematical pr.g;.ogsal)y assess edit appreciate new meaning
indicate B BEEY) | Erorsss) recognise calculate evaluate argue generate/test
identify select iy (e.g. features) ;eriwr;.merlcal extrapolate assess (e jpeilizoss)
label sl comprghend represent mathematical explore comment (make a Rypothesise/propose
. sl (meaning) processes) . . judgment) (e.g. arguments, concept)
list select identify errors/ . ) )
UEE construct categorise problems comeluc: investigate/examine
name (e.g. a diagram) show . - (e.g. an argument,

. inf (e.g. investigations) .
demonstrate . classify infer » statement or conclusion)
describe N T, compare interpret e.g. meaning conclude judge

conclude judge CATSIUES (G &l justify/prove ( n
determine symbolise judg argument) g p;) i te-g- a \
(e.g. through consider organise/sequence/ ) IS S E L Clr
develop diagram SRS convince conclusion
. dlagrarn, contrast .
discuss illustration, I create make decisions
. model) critique P . .
draw (visual reflect (on) design (e.g. a manipulate (e.g. language
depiction) understand deduce methodology, an texts; skills; technologies)
. } sort artefact, a proposal) )
explain use derive modify
d . scrutinise decide
etermine persuade
diagnose GBI predict (e.g. a result)

propose
prove
research

realise/resolve
(e.g. artistic works)

solve (e.g. problems)
synthesise

test




Sample instruction and question

Sample instruction and question

Sample instruction and question

Sample instruction and question

Define thermal energy.

What is a definition for thermal
energy?

Explain why protons in the nucleus
repel each other.

Why do protons in the nucleus repel
each other?

Compare and contrast elastic and
inelastic collisions.

In what ways are elastic and inelastic
collisions similar and different?

Solve problems involving wavelength,
period and velocity of a wave.

A mechanical wave vibrator attached
to a string operates at a frequency of

50.0Hz. If the wave crests formed on the
string are 5.0cm apart, what is

the speed of the waves in the string

(in ms1y?

UNDERSTANDING THE INSTRUCTION/QUESTION

The cognitive verb alone is not enough of a guide to understanding what the question
or instruction requires as a response. As seen in the previous chart, questions may
not include a cognitive verb. In addition, a cognitive verb may apply to more than one
level of thinking.

Consider these examples:

Examples Use of the cognitive | Scope and context of the

instruction or question

verb ‘explain’

What is the question

asking? How much do | write?

A task that focuses on:
a one key term—diffusion

Example 1a:
Explain diffusion.
What is diffusion?

The key aspect/s of
the question:

a definition response

—retrieval
Example 1b: b paraphrase A task that focuses on one
Explain convection. response— concept:

What is convection? comprehension a convection

A task that focuses on:

a two terms: simple diffusion
and facilitated diffusion

b differences between the two
terms

Example 2a:

Explain the difference between
simple and facilitated diffusion.
What is different between simple
and facilitated diffusion?

The key aspect/s of
the question:

a compare and
contrast—analysis

Example 2b: A task that focuses on:
Explain the difference between

convection and conduction.

a two terms: convection and

What is diff t bet . conduction
at is different between convection )
and conduction? b t<‘;1e|'1"fn<-,;rsenc:es between the two

A task that focuses on:

a two terms: proteins and
chromatography

Example 3a:

Determine how you would

conduct an experiment using
chromatography to analyse proteins.
What experimental procedure would
you use to analyse proteins using

b their analysis
¢ design of an experiment

chromatography? The key aspect/s of

the question:

a create, design,
Examplg 3b: experiment— A task that focuses on:
Determine how you would conduct knowledge a two terms: convection and
an experiment using convection to utilisation specific heat capacity

analyse the specific heat capacity of
a metal.

What experimental procedure would
you use to analyse the specific

heat capacity of a metal using
convection?

b their analysis

¢ experimental ideas and
methods
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Strategies for understanding the question or instruction

As you can see, analysing a question or instruction can be quite challenging.
This particularly applies when more complex cognitive processes are required.

The following steps provide a framework for understanding and analysing questions

and instructions.

Strategies for understanding
the question or instruction

Example

A 65.0kg patient suffering from a fever has a core
temperature of 40.2°C and is placed in a cool bath to bring
down her temperature. The specific heat capacity of a
human is known to be 3.50kJ kg1 K1,

If the goal is to have the temperature of the patient and the
bath water reach 37.0°C, and the bath contains 40.0 L of
water, determine the temperature of the ‘cool’ bath water.
1.00L of water = 1.00kg, and ¢ yater = 4200J kg 1 K1,

L

L

1 Underline the cognitive verb/s and
identify a plausible thinking level

‘... determine the temperature of the “cool” bath water.’
Determine is found in the cognitive verb list for comprehension,
analysis and knowledge utilisation thinking levels.

for the verb.

L

2 Determine the scope, context
of the question and its thinking
level.

The scope of the question includes calculations from given
data under specific conditions to determine the temperature
of the ‘cool’ bath water to solve a problem.

The context is analysing the problem, performing
calculations to determine the answer.

-

-

3 Consider some cognitive actions
from Chart B that are required to
complete the question.

The question is complex. It asks for analysis of the data
provided and complex problem solving. It requires a
determination to be made based on the analysed data.

L

L

4 Make sure you know the
meaning of every word in
question or instruction.

Determine means to ‘establish, conclude or ascertain after
consideration, observation, investigation or calculation;
decide or come to a resolution’. QCAA definition

$

{

5 Rephrase the question or
instruction in your own words,
elaborating on all the details
required.

Rephrasing may involve writing as a question or instruction.
For example: ‘| know the person’s mass, the volume of bath
water, the target temperature of the person and of the bath
water. | need to use all the data to calculate the temperature
of the water in the bath before the person gets in the bath!

XV



ASSESSMENT TASKS AND COGNITIVE PROCESSES

Pearson Physics 12 Queensland Student Book provides a
solid foundation for undertaking all assessment tasks in the
Syllabus. Comprehensive sets of key instructions, arranged
by cognitive thinking levels, and mirroring the instructions of
the examination, are provided at the end of each module and
chapter.

Module reviews have tasks under Retrieval, Comprehension
and Analysis.

Chapter review tasks cover these three levels as well as
Knowledge utilisation.

In addition, unit reviews provide the opportunity to
consolidate and test you on a broader area of subject matter.

Mandatory practicals provide support in this skill area
through practise in this cognitive level.

This approach will support you in developing the skills and
level of application required to complete the assessment tasks.

You are required to complete the following assessment tasks:
a Data test

b Student experiment

¢ Research investigation

d Examination

The following charts provide an indication of the cognitive
processes you should expect to encounter in each type of
assessment task. Note that the student experiment and
research investigation assessment tasks are designed for
thinking at the highest cognitive levels. While retrieval,
comprehension and analysis are required to complete these
two assessment tasks, they are the underlying thinking levels
necessary to complete the tasks; hence, the differences in
the sizes of the ticks, with the largest tick indicating the focal
cognitive thinking level.

Data test (IA1)

The task requires you to demonstrate thinking that is complex
and at the high levels of analysis and knowledge utilisation.

Retrieval and comprehension underlie the thinking so data
can be analysed in the test.

Student experiment (I1A2)

The task requires you to demonstrate thinking that is complex
and at a high level. Retrieval, comprehension and analysis

Retrieval Comprehension | Analysis Knowledge
utilisation
v v v v
Retrieval Comprehension | Analysis Knowledge
utilisation
v v v v

underlie the experimenting and problem solving required for
this task.

Research investigation (1A3)

Retrieval Comprehension Analysis Knowledge

utilisation

The task requires you to demonstrate thinking that is complex
and at a high level. Retrieval, comprehension and analysis

4 4 v

v

underlie the investigation and decision-making required for
this task.

The examination will include two papers. Each paper consists of a number of different types of items, including short and

combination responses.

Retrieval Comprehension

Analysis Knowledge

utilisation

4 v

Short responses generally draw

on factual subject matter in the
retrieval and comprehension
cognitive processes areas but may
require analysis where calculations
and data interpretation are
involved.

v v

The calculations and responses to
unseen data move the cognitive
processes required to the highest
levels of thinking.
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DEFINITIONS OF COGNITIVE VERBS

The list that follows provides definitions for cognitive verbs. Where available, the
definitions are taken from the QCAA Syllabus. Those verbs whose definitions are
not in the QCAA Syllabus appear in grey text. Refer to the list to clarify exactly what
is required when any of these verbs appear in a question or instruction. Verbs are
organised according to cognitive levels of thinking.

" . define give the meaning of a word, phrase, concept or physical quantity; state meaning
= Retrieval: and identify or describe qualities
> processes of i i } } i )
= recognising, recalling, = demonstrate prove or make clear by argument, reasoning or evidence, illustrating with practical
= symbolising example; show by example; give a practical exhibition
E describe give an account (written or spoken) of a situation, event, pattern or process, or of
= the characteristics or features of something
S identify distinguish; locate, recognise and name; establish or indicate who or what someone
_-E‘ or something is; provide an answer from a number of possibilities; recognise and
> state a distinguishing factor or feature
o . :
£ indicate suggest, show or recommend a course of action
o
:n label Identify by applying a name to an object or person
g list write the names of connected items, usually one below the other
g name specify or give a label to an object or person
)
= paraphrase use different words to convey the same meaning
7 recall remember; present remembered ideas, facts or experiences; bring something back

into thought, attention or into one’s mind

recognise identify or recall particular features of information from knowledge; identify that
an item, characteristic or quality exists; perceive as existing or true; be aware of or
acknowledge

select choose in preference to another or others; pick out

show provide the relevant reasoning to support a response

state express something definitely and clearly

use operate or put into effect; apply knowledge or rules to put theory into practice
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Increasing complexity of thinking levels

<

avel o .
Comprehension:
processes of
integrating,
symbolising

calculate (e.g.
numerical answer,
mathematical
processes)

clarify

comprehend
(meaning)

construct

demonstrate

describe

determine

develop

discuss

draw (visual
depiction)

explain

illustrate
implement

recognise

represent

select
show
sketch

summarise
symbolise

understand

use (models)

work out using mathematical processes and determine by reasoning

make clear or intelligible; explain: make a statement or situation less confused or
more comprehensible

understand the meaning or nature of; grasp mentally

create or put together (e.g. an argument) by arranging ideas or items; display
information in a diagrammatic or logical form: make; build

prove or make clear by argument, reasoning or evidence, illustrating with practical
example; show by example; give a practical exhibition

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

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

elaborate, expand or enlarge in detail; add detail and fullness to;
cause to become more complex or intricate

examine by argument; sift the considerations for and against; debate; talk or write
about a topic, including a range of arguments, factors or hypotheses; consider,
taking into account different issues and ideas, points for and/or against, and
supporting opinions or conclusions with evidence

produce a picture, diagram or other visual representation

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

provide pictures, provide an example for a point being made
put something into effect, e.g. a plan or proposal

identify or recall particular features from knowledge; identify that an item,
characteristic or quality exists; perceive as existing or true; be aware of or
acknowledge

scientific representations are a verbal, physical or mathematical demonstration of
understanding of a science concept or concepts; a concept can be represented in a
range of ways and using multiple models (ACARA 2015c)

choose in preference to another or others; pick out
provide the relevant reasoning to support a response

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

give a brief statement of a general theme or major point/s; present ideas and
information in fewer words and in sequence

represent or identify by a symbol or symbols

perceive what is meant by something; grasp; be familiar with (e.g. an idea);
construct meaning from messages, including oral, written and graphic
communication

operate or put into effect; apply knowledge or rules to put theory into practice
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Increasing complexity of thinking levels
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Analysis:
processes

of matching,
classifying,
analysing errors,
generalising,
specifying

analyse

apply
assess

calculate

categorise

classify

compare

conclude

consider

contrast

critique

deduce

derive

determine

develop

devise
diagnose
differentiate

discriminate

discuss

distinguish

draw conclusions
(conclusion)

edit

evaluate

experiment

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

examine or consider something in order to explain and interpret it, for the purpose of
finding meaning or relationships and identifying patterns, similarities and differences

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

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

work out using mathematical processes and determine by reasoning.
place in or assign to a particular class or group; arrange or order by classes or
categories; classify, sort out, sort, separate

arrange, distribute or order in classes or categories according to shared qualities or
characteristics

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

make a judgment based on evidence (ACARA 2015c)

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

display recognition of differences by deliberate juxtaposition of contrary elements;

show how things are different or opposite; give an account of the differences between
two or more items or situations, referring to both or all of them throughout

review (e.g. a theory, practice, performance) in a detailed, analytical and critical way
reach a conclusion that is necessarily true, provided a given set of assumptions is true;
arrive at, reach or draw a logical conclusion from reasoning and the information given

arrive at a reasoning: manipulate a mathematical relationship to give a new equation
or relationship; in mathematics, obtain the derivative of a function

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

elaborate, expand or enlarge in detail; add detail and fullness to; cause to become
more complex or intricate

think out; plan; contrive; invent
identify the nature of a problem or illness

identify the difference/s in or between two or more things; distinguish, discriminate;
recognise or ascertain what makes something distinct from similar things;
in mathematics, obtain the derivative of a function

note, observe or recognise a difference; make or constitute a distinction in or between;
differentiate; note or distinguish as different

examine by argument; sift the considerations for and against; debate; talk or write
about a topic, including a range of arguments, factors or hypotheses; consider, taking
into account different issues and ideas, points for and/or against, and supporting
opinions or conclusions with evidence

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

a judgment based on evidence (ACARA 2015c)

correct written material by careful checking

make an appraisal by weighing up or assessing strengths, implications and limitations;
make judgments about ideas, works, solutions or methods in relation to selected
criteria; examine and determine the merit, value or significance of something, based
on criteria

try out or test new ideas or methods, especially in order to discover or prove
something; undertake or perform a scientific procedure to test a hypothesis, make a
discovery or demonstrate a known fact
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Increasing complexity of thinking levels

Analysis:
processes

of matching,
classifying, analysing
errors, generalising,
specifying

(continued)

explore

extrapolate

hypothesise
identify (categories,

errors, problems)

infer

interpret

judge

organise

predict

reflect (on)
scrutinise

sort

look into both closely and broadly; scrutinise; inquire into or discuss something in
detail

infer or estimate by extending or projecting known information; conjecture;

infer from what is known; extend the application of something (e.g. a method or
conclusion) to an unknown situation by assuming that existing trends will continue
or similar methods will be applicable

formulate a supposition to account for known facts or observed occurrences;
conjecture, theorise, speculate; especially on uncertain or tentative grounds

recognise and establish things such as groupings of similar items, mistakes or
issues

derive or conclude something from evidence and reasoning, rather than from
explicit statements; listen or read beyond what has been literally expressed; imply
or hint at

use knowledge and understanding to recognise trends and draw conclusions from
given information; make clear or explicit; elucidate or understand in a particular
way;

bring out the meaning of, e.g. a dramatic or musical work, by performance or
execution; bring out the meaning of an artwork by artistic representation or
performance; give one’s own interpretation of;

identify or draw meaning from, or give meaning to, information presented in various
forms, such as words, symbols, pictures or graphs

form an opinion or conclusion about; apply both procedural and deliberative
operations to make a determination

arrange, order; form as or into a whole consisting of interdependent or coordinated
parts, especially for harmonious or united action

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

think about deeply and carefully
to examine closely or critically (Macquarie 2015)

arrange in prescribed groupings or order

<
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Increasing complexity of thinking levels
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Knowledge
utilisation:
processes of
investigating,
experimenting,
decision-making,
problem-solving

adapt

appraise
appreciate
argue
assess
comment
conclude
(conclusion)

conduct

construct

convince
(convincing)

create

decide

design

determine

develop

devise

discuss

draw conclusions
(conclusion)

evaluate

experiment

explore
generate

hypothesise

investigate

modify or change something for a new purpose or use

valuate the worth, significance or status of something; judge or consider a text or
piece of work

recognise or make a judgment about the value or worth of something; understand
fully; grasp the full implications of

give reasons for or against something; challenge or debate an issue or idea;
persuade, prove or try to prove by giving reasons

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

express an opinion, observation or reaction in speech or writing; give a judgment
based on a given statement or result of a calculation

make a judgment based on evidence (ACARA 2015c)

direct an action or course; manage; organise; carry out

create or pull together (e.g. an argument) by arranging ideas or items; display
information in a diagrammatic or logical form; make; build

persuade by argument or proof; leaving no margin of doubt; clear; capable of
causing someone to believe that something is true or real; persuading or assuring
by argument or evidence; appearing worthy of belief; credible or plausible

bring something into being or existence; produce or evolve from one’s own thought
or imagination; reorganise or put elements together into a new pattern or structure
or to form a coherent or functional whole

reach a resolution as a result of consideration; make a choice from a number of
alternatives

produce a plan, simulation, model or similar; plan, form or conceive in the mind;
in English, select, organise and use particular elements in the process of text
construction for particular purposes; these elements may be linguistic (words),
visual (images), audio (sounds), gestural (body language), spatial (arrangement on
the page or screen) and multimodal (a combination of more than one)

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

elaborate, expand or enlarge in detail; add detail and fullness to; cause to become
more complex or intricate

think out; plan; contrive; invent

examine by argument; sift the considerations for and against; debate; talk or write
about a topic, including a range of arguments, factors or hypotheses; consider,
taking into account different issues and ideas, points for and/or against, and
supporting opinions or conclusions with evidence

make a judgment based on evidence (ACARA 2015c)

make an appraisal by weighing up or assessing strengths, implications and
limitations; make judgments about ideas, works, solutions or methods in relation
to selected criteria; examine and determine the merit, value or significance of
something, based on criteria

try out or test new ideas or methods, especially in order to discover or prove
something; undertake or perform a scientific procedure to test a hypothesis, make
a discovery or demonstrate a known fact

inquire into something or discuss in detail
produce; create; bring into existence

formulate a supposition to account for known facts or observed occurrences;
conjecture, theorise, speculate; especially on uncertain or tentative grounds

carry out an examination or formal inquiry in order to establish or obtain facts and
reach new conclusions; search, inquire into, interpret and draw conclusions about
data and information
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Increasing complexity of thinking levels

Knowledge
utilisation:
processes of
investigating,
experimenting,
decision-making,
problem-solving
(continued)

judge

justify

make decisions

manipulate
modify
persuade
(persuasive)
predict

propose

prove

research

resolve

solve

synthesise

test

0g e verb
form an opinion or conclusion about; apply both procedural and deliberative
operations to make a determination

give reasons or evidence to support an answer, response or conclusion; show or
prove how an argument, statement or conclusion is right or reasonable

select from available options; weigh up positives and negatives of each option and
consider all the alternatives to arrive at a position

adapt or change to suit one’s purpose
change the form or qualities of; make partial or minor changes to something

capable of changing someone’s ideas, opinions or beliefs; appearing worthy of
approval or acceptance; (of an argument or statement) communicating reasonably
or credibly

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

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

use a sequence of steps to obtain the required result in a formal way

to locate, gather, record, attribute and analyse information in order to develop
understanding (ACARA 2015c)

in the Arts, consolidate and communicate intent through a synthesis of ideas and
application of media to express meaning

find an answer to, explanation for, or means of dealing with (e.g. a problem);
work out the answer or solution to (e.g. a mathematical problem); obtain the
answer/s using algebraic, numerical and/or graphical methods

combine different parts or elements

take measures to check the quality, performance or reliability of something

<
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CHAPTER

#

Physics skills and
assessment tootkit

o
&

This chapter provides important information and support in the study of the QCAA
Physics syllabus for Units 3 and 4.

The Physics Skills and Assessment Toolkit is designed to be used as a reference
tool. It should be consulted on a need-to-know basis, where relevant, during this
course of study. It is not intended that this chapter be worked through as a whole.

Focus

The chapter focuses on providing support and guidance in the following areas:
» Successful learning in physics
o Representations in physics
o Developing strategies for learning
o Reducing barriers to learning
Development and application of scientific skills
Mathematical and statistical processes used in Physics
Sl units
Visual representations
Graphical representations
Measurement—errors and uncertainty
Responding to the assessment tasks
o Data test (IA1)
- Understanding, analysing and interpreting data and statistics
Student experiment (IA2)
- Developing the experiment question or hypothesis
- Considering variables, risks, types of data
- Planning methodology
- Presenting, analysing and interpreting data
- Writing the scientific report
Research investigation (IA3)
- Understanding and analysing claims
- Developing research questions
- Strategies to evaluate resources
- Note-taking
- Writing a scientific report
Examination (EA)
- Understanding the features and conditions of each of the two papers
- Strategies to apply through the course, to enhance learning
- Strategies for revising and consolidating learning
- Techniques and hints when sitting the exam




The chapter is organised in four parts:

» Part A: Working scientifically

» Part B: Student experiment

» Part C: Research investigation

+ Part D: Examination

An outline of these parts is provided below.

Please note: The examples provided in this chapter assist in modelling how
students may arrive at a testable hypothesis or research question. All summative
assessment tasks will need to be officially endorsed prior to undertaking and
should be checked to ensure they address the QCAA ISMG criteria. Experiments
must also be carefully reviewed in consultation with your science teacher or school
laboratory technician.

QCAA Physics General Senior Syllabus objectives
+ describe and explain scientific concepts, theories, models and systems and
their limitations

apply understanding of scientific concepts, theories, models and systems within
their limitations

analyse evidence

interpret evidence

investigate phenomena

evaluate processes, claims and conclusions

communicate understandings, findings, arguments and conclusions.

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




Part A: Working scientifically

The focus of Part A is on basic mathematical skills and their applications to physics.
It features many worked examples and opportunities to apply these skills throughout
the modules. These skills are assessed in a range of assessment tasks, directly and
indirectly, and are drawn upon to analyse data in experiments and investigations.

Engage with Part A in order to help prepare yourself with the skills you will need in
the data test, and when undertaking a range of mandatory and suggested practicals.
You will also find these skills useful when completing sections of the student
experiment, research investigation and the examination.

Refer to the following outline to learn, revise or practice skills in the areas in which
you need help.

m Look here for eBook page

1.2 Units and + the International System (SI) of units el9
prefixes + the seven fundamental units, their symbols and
definitions
 differentiation between fundamental and derived
units
 the Sl prefixes as multipliers of powers of ten of the
base units
« converting between various units of the same type
using Sl and some non-Sl units

1.3 Uncertainties + explanations of the terms uncertainty, error, accuracy, €25
in measurement precision
- differentiation between accuracy and precision
» calculations using significant figures
« differences between mistakes, systematic
uncertainties and random uncertainties
» determining the limit of reading and absolute
uncertainty of analog and digital instruments
» converting between absolute, fractional and
percentage uncertainties
» performing propagation of uncertainties including
addition, subtraction, multiplication, division and
powers of measurements and their uncertainties

1.4 Graphing + predicting relationships between variables or finding e4l

outliers in data

» displaying data, including error bars, line of best
fit, minimum and maximum lines of primary or
secondary data

» the common types of graphs or relationships seen in
physics and examples of each

* linearising data that is not already producing a
straight-line graph

+ using the equation of a straight line of best fit to
determine the gradient and y-intercept

» using the gradient and y-intercept in further
processing of data

+ using the minimum and maximum lines to calculate
an uncertainty in the gradient and y-intercept

your |R+ eBook to access Chapter 1 Physics Skills and Assessment Toolkit.
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Part B: Student experiment (I1A2)

The focus of Part B is on the student experiment. This internal assessment task
requires you to follow the full scientific method over an extended and defined period
of time. You will develop your own research question or hypothesis to investigate,
based on a practical already completed in class.

Part B supports you through all aspects of the student experiment. The syllabus
objectives and instrument-specific marking guide (ISMG 1A2) for the assessment
are explained.

Engage with Part B for examples of how to modify, extend, refine or redirect the
class practical and write a research question or hypothesis. Be guided by the step-
by-step instructions to evaluate the quality of your research question or hypothesis.
Delve into particular sections of Part B as needed, to reinforce your knowledge and
understanding of scientific methodology.

Refer to Part B for support on data types, data collection and analysis of data to draw
valid conclusions. This includes how to identify uncertainty in data, reliability and
validity and relationships between data. Be guided in the write-up of your scientific
report with support material on scientific writing style, and the structure of the report.
Refer to the following outline of Part B: Student experiment to learn, revise or practice
skills in the areas with which you need help.

m Look here for eBook page

1.5 Research and + identifying and explaining the difference between e61l
planning controlled, measured, independent and dependent
variables

» developing a research question or hypothesis

« evaluating the research question and hypothesis

+ using a scientific journal to record experiments and
experimental data

» planning, evaluating and refining scientific experiments

+ explaining what validity and reliability mean in relation
to experimentation

+ explanations of qualitative and quantitative data

« characterising qualitative data as either nominal or
ordinal

+ characterising quantitative data as either discrete or
continuous

» explanations of replication and repeat trials

» conducting risk assessments for planned experiments

+ recognising common chemical Globally Harmonised
System of classification (GHS) codes and symbols

» understanding the criteria against which research and
planning will be assessed

1.6 Conductingan  « determining relevant data that is needed to test a e81
experiment research question or hypothesis
» determining what is considered to be sufficient data to
test a research question or hypothesis
+ selecting appropriate equipment to collect relevant and
sufficient data

1.7 Results + analysing raw data to produce processed data e87
 interpreting data to draw valid conclusions
« identifying errors
» analysing precision

1.8 Communicating + sections of a report €92
and writing a « scientific writing style
scientific report » writing a scientific report

» acknowledging sources
+ addressing the ISMG

your E eBook to access Chapter 1 Physics Skills and Assessment Toolkit.



Part C: Research investigation (IA3)

The focus of Part C is on the research investigation. This internal assessment

task requires you to gather secondary evidence on a research question over an
extended and defined period of time. You will develop your own research question to
investigate, based on a claim (provided by your teacher) related to the course.

Part C supports you through all aspects of the research investigation. The syllabus
objectives and instrument-specific marking guide (ISMG IA3) for the assessment are
explained.

Engage with Part C for assistance with writing your research question. Delve into

the examples of claims and their analysis for context and elements to guide you in
developing your own research question. Be guided by the information about locating
and evaluating suitable secondary sources for the research. This includes how to
identify errors in data, validity and relationships between data. Part C will assist in the
writing of your scientific report, with support material on the scientific writing style
and the structure of the report. Part C provides a brief overview of different ways to
present your report and provides details on the literature review format.

Refer to the following outline of Part C: Research investigation to learn, revise or
practice skills in the areas in which you need help.

1.9 Developing the + analysing a claim el02
research question from + identifying variables and measurable terms
a claim in the claim
» examples of claims and questions developed
from them

+ guidelines for developing a research question
» developing a research question
+ refining a research question

1.10 Finding and  the difference between primary and el08
choosing suitable secondary sources
resources * locating resources
+ determining reliability and validity of
resources
1.11 Research: taking » recording notes in a scientific journal ell6
and organising notes + paraphrasing information

« different ways to record information
» recording data and results
» recording information about sources

1.12 Writing a report « different ways to present the report el22
for the research » presenting the report as a literature review
investigation « features of a literature review

» structure of the literature review

your E eBook to access Chapter 1 Physics Skills and Assessment Toolkit.
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Part D: Examination (EA)

The focus of Part D is on the summative External Assessment (EA). The examination
requires students to complete two papers. Each paper covers the whole physics
course; Unit 3 and Unit 4. The examination constitutes 50% of the total assessment
for the course.

Part D supports you through all aspects of the examination process. Refer to this
section early in the year, not just in the weeks prior to the examination. Effective exam
preparation needs ongoing consolidation of learning and revision of course material
at regular intervals. Effective preparation begins with a sound understanding of the
course and its requirements. Also important is that you know where you can go to for
support and what sort of support is available to you through the course.

The examination assessment requires that you use particular skills and strategies that
are not necessarily used in the student experiment and research investigation. The
data test and examination are similar in the strategies you should apply to complete
them. There is possibly more anxiety felt by students regarding the examination, as it
accounts for 50% of the total mark in physics.

Part D guides you through all aspects of preparation for the examination. Refer to it
to get tips on strategies to help you consolidate your learning and for revision hints
and suggestions. Before completing practice exams, read through the list of strategies
to use during reading (perusal) and writing time. Apply these as you answer each
practice paper. Sitting the exam is more than having subject matter understanding
and skills. It is also about exam technique, as this can boost your performance. Refer
to Part D as needed, through the year.

Refer to the following outline of Part D: Examination, to learn about strategies and
techniques to enhance your learning, revision and examination performance.

m Look here for eBook page

1.13 Examination » an overview of the two papers: duration, content, el28
preparation response items, equipment

« strategies for consolidating learning

« strategies for revising and practising

« strategies for sitting the exam

your |R+ eBook to access Chapter 1 Physics Skills and Assessment Toolkit.



1.1 Successful learning in physics

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» appreciate effective strategies for high-impact learning

develop your understanding of the role of representations

develop connections and provide strategies for learning

appreciate how knowledge of the three representations can enhance your
learning

develop a deeper understanding of concepts and applications in physics
identify barriers to your learning

» identify some strategies to use to reduce barriers to learning.

Yyvyy

Yy

Your experience and understanding of science would have developed during
the junior years of science lessons and from your observations in the world. Your
understanding forms through scientific experimentation, conducting investigations
and through learning from your textbooks and teachers.

Scienceis an evolving body of knowledge that can be captured and explained using
different tools, such as physical and mathematical models, diagrams, explanations
and equations. These tools, which can be referred to as representations, help build
meaning and deepen understanding of the science you are studying.

In order to help you improve your learning, it is useful to be able to identify
the role of the different representations and the level at which they are used. These
representations can be simplified into three categories. Table 1.1.1 lists these three
categories and provides examples.

TABLE 1.1.1 Representation levels

Representation Examples of representation
level

macroscopic observable phenomena, e.g. refraction of light through a
prism, lunar eclipse

sub-micro images and illustrations used to show the properties
or characteristics of phenomena at an atomic level,
e.g. structure of the atom, nuclear fission and fusion
and quantum physics

symbolic figures, numbers or symbols used primarily in
mathematical equations, e.g. Snell’s law to describe light
passing through an optical medium and formulas to show
Newton’s laws of motion

HIGH-IMPACT LEARNING STRATEGIES

Recent research into best practices for teaching and learning, to optimise student
learning, has highlighted some interesting findings. Many of the results relate to
teachers and their classroom strategies. There are, however, some important learning
strategies that you can apply which will make learning more effective and assist you
in working through the challenges of learning. The high-impact learning strategies
discussed in the chart below are proven ways to improve learning outcomes. The
strategies are not exclusive to the learning of physics, and can be applied to all
learning in all subjects and situations. At the core of all learning is the idea that you,
the learner, gain increasing regulation and control of your own learning, propelling
you along the path of life-long learning.

CHAPTER 1 | PHYSICS SKILLS AND ASSESSMENT TOOLKIT e7



Characteristics

Strategies

The high-impact student learning chart shown in Table 1.1.2 identifies three
key characteristics— attitudes, behaviours and metacognition—and their associated
strategies that positively influence learning outcomes. Research has shown that the
listed strategies are among the most highly effective, and through applying these,
students directly influence their learning and achievement.

TABLE 1.1.2 Facets of high-impact student learning

Attitude relates to your frame of
mind, the approach to your learning
and the responses to challenges

to produce your desired level of
learning.

Effort. Increasing the level of effort
can improve your abilities in and
mastery of the subject. Effort can be
directed at subject matter and skill
competence.

Motivation. This is the desire to
learn for learning’s sake rather than
learning specifically. If motivation

is sometimes waning, try breaking
down tasks into smaller chunks and
reward yourself when each task is
finished.

Concentration, persistence and
engagement. Learning is enhanced
with concentration and sustained
application. Create a study area that
minimises distractions. The quality
of study time has a greater impact
on achievement than length of time
studying.

Perception. Perceive difficult tasks
as challenges to be tackled and
overcome. See mistakes as an
opportunity to improve.

e8 PHYSICS 12 | UNITS 3 AND 4

Behaviour relates to the actions you
take and habits you develop and
implement as learning strategies.

Practice. Practice, practice and
more practice. Few people have
such natural ability that they are
experts. Most people devote hours
repeating and retrying tasks to
achieve expert levels in a field.

Verbalising. Learning is improved
by speaking or verbalising material,
as a variation to the more common
reading and writing. Try talking
through the steps to complete a
task. Check assessment tasks by
reading them out loud.

Seeking assistance from classmates
and/or teachers. Regularly work
with a partner or in a group to
discuss learning issues and subject
matter. Learning is enhanced when
you explain material to others.

Summaries of subject matter.
Creating concept maps of key
subject matter is an effective way
of summarising material, as well as
other graphic organisers.

Study skills. Note-taking, underlining
and highlighting are three effective
examples of study skills. Use these
strategies throughout the year to
identify key ideas and enhance
understanding.

Memorisation and using mnemonics.
Some material simply needs to

be memorised, such as formulas

and key glossary definitions. Using
mnemonics may help, as well as
making charts to summarise key
information.

Metacognition relates to thinking
about how you think, and the
gaining of awareness of how you
learn. Metacognition is very complex
thinking and involves you reflecting
on how you best learn.

Feedback. This is a powerful tool
for improvement. Carefully read
feedback comments on your work. If
you need more clarification, discuss
the feedback with the teacher.
Understanding and internalising
comments on your work helps you
to learn from your mistakes. It also
helps you look more critically at
your own work, so you develop self-
evaluation skills.

Reciprocal teaching. Students
become the teachers. This is a
very effective way of improving
understanding by placing you, the
learner, in an active role rather
than being the passive recipient of
knowledge. Create a study group
of classmates. Rotate between
students, as each takes a turn at
teaching (revising) a concept or skill
to the others.

Evaluation and reflection. Try
assessing your own work against set
criteria, such as the syllabus ISMGs.
Doing so requires an understanding
of task objectives and evaluation of
whether the criteria are met. This
fosters growth as an independent
learner who can guide their

own learning. Spend some time
reflecting on what you did well,
what you need to focus on for
improvement, and think about what
actions you can take to make those
improvements.



BARRIERS TO LEARNING

In education, factors that prevent a person from learning something effectively
are referred as ‘barriers to learning’. There are many different barriers to learning,
ranging from language barriers to learning difficulties. Everyone is capable of
learning, but finding the techniques and strategies that help to break down these
barriers can be a challenge. Each learner has his or her own preferences regarding
the way he or she learns, so the barriers differ from one person to the next. Within
the more abstract disciplines in science, such as physics, there are additional
barriers that come with the subject matter, resulting in further challenges to
learning.

To learn physics effectively, you need to identify your personal barriers to learning,
and then work towards overcoming them. Common barriers to learning in physics
are explained for effective learning and building of connections and meaning.

Scientific literacy

The term ‘scientific literacy’ refers to the ability to make sense of and understand
the scientific world in order to make informed decisions. This means having
knowledge and understanding of scientific concepts and processes in order to
make decisions. Literacy also applies to learning and being able to correctly apply
new scientific terms in order to both understand and communicate scientific
information. This includes being able to use different representations to deepen
your understanding. In other words, being scientifically literate means to operate
competently as a scientist.

MULTIPLE REPRESENTATIONS IN PHYSICS

Physicists often talk about phenomena and objects that we cannot see. Hence physics
requires the use of imagination and the ability to visualise. To assist this visualisation,
teachers and scientists often produce representations of complex concepts, such
as magnetic fields and the structure of matter. Visual aids usually take the form
of symbols, diagrams or animations used to represent a concept (Figure 1.1.1).
Developing a good understanding of science disciplines requires students to be able
to effectively interpret these representations.

FUNCTIONS OF MULTIPLE REPRESENTATIONS

The function, or purpose, of using multiple representations in science (here we

discuss physics) can be split into three:

1 Complementary—multiple representations can be used together to express
different processes or information.

2 Aid understanding—if a student has interpreted a concept incorrectly using a
specific representation, using multiple representations provides the opportunity
to rectify any misconceptions.

3 Construct deeper learning—multiple representations have been shown to
support the construction of deep learning through students’ use of integrating
and applying information from more than one type of representation.

CHAPTER 1 | PHYSICS SKILLS AND ASSESSMENT TOOLKIT e9
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FIGURE 1.1.2 Two examples of macroscopic
representations: (a) light refraction in water and
(b) a Tesla coil
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FIGURE 1.1.1 (a) A representation of our solar system (used in physics); (b) a representation of DNA
replication (used in biology), and (c) a representation used to show the formation of an ionic lattice
(used in chemistry)

The use of representations in physics is essential for effective learning.
Understanding physics requires students to engage with a multiple forms of
representations. Studies have shown that the key to learning successfully in physics
comes down to an awareness and understanding of the representation used to
explain and model physics concepts. Scientists have looked at these representations
in great detail and, although there are variations in the exact terminology used,
all the scientific studies agree that there are three levels of representation used in
physics:
¢ the macroscopic level
* the sub-micro level
e the symbolic level.

The macroscopic level

You are probably familiar with the term ‘micro’ as meaning something very small.
‘Macro’ is the opposite and, as such, refers to anything that is considered large.
In physics, we refer to anything we can observe with our senses, or which can be
observed in an experiment, as macro, such as the refraction of a laser beam or
the spark created in a Van de Graaff generator or Tesla coil (Figure 1.1.2). It also
focuses on phenomena that can be measured, such as temperature, current or time.

Macroscopic phenomena can be observed first hand and are usually the
first way in which a concept or idea is experienced, introduced or learnt.
Additional and more complex representations are often needed to help explain
what is happening at an atomic level. This is where sub-micro and symbolic

representations are used.



Sub-micro level
Sub-micro refers to phenomena that are too small to see, even with a microscope
(micro meaning ‘small’, and sub meaning ‘under/beneath’). This level is used to
represent extremely small entities such atoms, nuclei and quarks. Physics at the
atomic level or lower can be organised using two levels:
¢ level 2 sub-micro—qualitative representations such as diagrames, illustrations or
animations
¢ level 3 symbolic—quantities representations such as nuclear equations and
calculations.
For the sub-micro type of representation, models are usually introduced as an
aid to understanding (Figure 1.1.3).
Rather than focusing on observations and measurements as in the macroscopic
level, sub-micro representations consider properties and characteristics of atoms or
nuclei to aid understanding of their behaviour.

Symbolic level

As might be expected the symbolic representation level involves the use of a variety
of different symbols. These include everything from mathematical formulas and the
use of subscripts, to vector notation and scientific notation (Figure 1.1.4).
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FIGURE 1.1.4 This illustration shows examples of symbolic representations in the form of formulas.

While the sub-micro level focuses on the properties or characteristics of
submicroscopic phenomena, the symbolic level representations, such as the formulas
in Figure 1.1.4, focus on ways to easily illustrate these properties or characteristics
without having to write long passages of text.

Physics-specific representation levels

Within these three broad levels of representations, there are some very specific
representations that are used more commonly in physics than in chemistry or biology,
because physics involves more mathematical problems. These representations are
also covered in this physics book (Table 1.1.3 and Figure 1.1.5):

1 verbal

2 mathematical

3 graphical

4  vpictorial.
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FIGURE 1.1.3 These models are used to explain
the physical phenomena of (a) conduction,
convection and radiation, (b) the structure of
protons showing three quarks and gluons and
(c) nuclear fission.
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TABLE 1.1.3 Examples of the physics-specific representations

Representation level | Examples of representation

verbal written sentences expressing an idea or concept,
e.g. naming processes, stating laws and theories

mathematical equations and associated symbols, e.g.
quantitative relationships and equations

graphical graphs of mathematical functions or of the
relationships between the different quantities
use to describe a physical symbol, e.g. x-y
scatterplots

pictorial images or diagrams of a physical system, e.g.
force diagrams

b r,=""
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Radius of electron orbitals in hydrogen,
in terms of fundamental physical constants
and quantum number n.

¢ Inthe Bohr model of the d
atom, the electron follows 9
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FIGURE 1.1.5 Representations of the Bohr model of the atom can be (a) pictorial, (b) mathematical,
(c) verbal and (d) graphical.

Studies that have looked into the common types of representations used in
physics (verbal, graphical, mathematical and pectoral) have indicated that some
topics lend themselves to certain types of representations more than others.
For example, sometimes verbal representations are easier to understand than
graphical representations in topics such as gravity. However, there are some
topics for which graphical or mathematical representations help explain a topic
more clearly than verbal representations, such as in understanding Newton’s
laws. Therefore the context in which a representation is used is very important.
This highlights the importance of using multiple types of representations when
learning (Figure 1.1.5).
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Verbal explanations

In physics, verbal explanations make up a substantial number of the macroscopic
representations used. They can be divided into written or spoken representations, and
usually take the form of observable phenomena, statements or questions (Figure 1.1.6).

Verbal

A large bowling ball collides
head-on with a small pin. During
the collision:

(d) the ball exerts the same amount
of force on the pin as the pin
exerts on the ball

(a) the ball exerts a greater
amount of force on the pin
than the pin exerts on the ball

(b) the pin exerts a greater
amount of force on the ball
than the ball exerts on the pin

(c) neither exerts a force on the
other; the pin falls down simply
because it gets in the way of
the ball

FIGURE 1.1.6 Examples of verbal representations of a scenario in which a ball collides with a bowling
pin. This type of representation is commonly used alongside an image or illustration.

Mathematical

Mathematical formulas are extremely widespread and relied upon extensively in
physics (Figure 1.1.7). Mathematical representations involve the use of calculations
and formulas and sometimes do not require the same level of conceptual reasoning
as verbal, graphical or pictorial representations.

Graphical

Mathematical equations are often represented graphically, and the interpretation of
these graphs is a vital skill for learners. Figure 1.1.8 shows a bar chart representation
of a large bowling ball that collides head-on with a small bowling pin. The direction
of the force exerted by the ball on the pin is positive. Let us denote the force exerted
by the ball on the pin as Fiy_y;, and the force exerted by the pin on the ball as

Fin—span- Which of the following alternatives best describes the magnitude of the
average forces, |F|, exerted on the ball and the pin during the collision?
a b c d

& < 5 &

F

ball — pin F pin — ball F ball — pin F pin — ball F ball — pin F pin — ball

FIGURE 1.1.8 Options for answers to a question are presented as graphical representations
(bar charts).

CHAPTER 1

F ball — pin

1 Qg

2

a b= 4ne, r
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(a) Coulombs’ law and (b) Einstein’s
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Pictorial

Pictorial representations can be split into two main categories:
1 static—pictures, photos and drawings
2 dynamic—videos, animations and interactives.

Dynamic representations can be superior to static representations when it
comes to aiding learning. This is because animations and videos are able to present
information in a way that is easily accessible to learners. This is especially the case
in topics that rely heavily on the use of sub-micro representations (which often
require the learner to imagine processes of phenomena). However, static pictorial
representations are still very beneficial to learning, especially when accompanied
by a verbal representation (usually in the form of an explanation). Dynamic

representations can fall into both the macro or sub-micro level of representation
(Figurel.1.9).

b Fleming’s right-hand rule

Vool magnetic field
I ‘ ‘ | forefinger

FIGURE 1.1.9 These static pictorial representations are used for (a) Earth’s magnetic field and
(b) Fleming’s right-hand rule.

This textbook will primarily feature static pictorial representations, but you can

access dynamic pictorial representations such as interactives and animations via
your Reader+ eBook.

Using representations to ensure effective learning

This section has emphasised the importance of representations, but it also has
identified those barriers that can be created for some learners. It is important to be
proactive in trying to overcome these barriers. Being equipped with some strategies
that you can apply will help you to help yourself if you require assistance.

Here are some potential strategies to use:

Use concept maps. Begin with a process or concept in the middle, and then
branch out into the three ways in which it can be represented (macroscopic,

sub-micro and symbolic). Try to find multiple examples of each representation
(Figure 1.1.10).
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FIGURE 1.1.10 This concept map includes multiple representations of the structure and origin of matter.

¢ Use tables to identify gaps in your knowledge. Identify parts of your physics
course that you have found difficult and try to identify the types of representations
that have been used to help explain it. If one is missing, try to create your own. If
there is a representation that you do not understand, reflect on what the barrier
might be, such as terminology or a diagram you do not understand. Create your
own representation for it. Approach your teacher for assistance if necessary.

In addition to these strategies, this student book contains other examples of the
different representation levels that you can use. Table 1.1.4 outlines the application
and purpose of these features. The list is not exhaustive, and you may find additional
examples of features that address the different levels of representations.
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TABLE 1.1.4 Features of the representation levels found in the Pearson Physics Queensland series

Representation | Pearson Physics Resource Application/purpose
level series feature

literacy

macro

sub-micro

symbolic

glossary

preliminary
material, Marzano
and Kendall’s
cognitive verbs list
and explanation

literacy review
worksheets

mandatory
practicals

additional
practicals

diagrams

interactives

video clips

module, chapter
and unit reviews

nuclear equations

field diagrams

mandatory
practicals

additional
practicals

student book

student book

Skills and
Assessment book

student book

Skills and

Assessment book

student book
and Skills and
Assessment book

Reader+

Reader+

student book

student book

student book
and Skills and
Assessment book

student book

Skills and
Assessment book

definitions of key scientific
terms

explaining the meaning of
an instruction and enabling
understanding of the type
of response required

building language and
meaning of discourse
terminology

requires use of observation
skills to record results

requires use of observation
skills to record results

illustrations help to
visualise complex
processes or concepts used
in physics

animations aid with
visualising more complex
processes or concepts used
in physics

helps illustrate complex
processes or concepts used
in physics

practise applying learnt
terminology in answering
questions

a simpler, and often shorter
representation of a nuclear
reaction

a more efficient way of
illustrating the shape

and direction of electric,
magnetic and gravitational
fields

requires use of observation
skills to record results

requires use of observation
skills to record results

Teachers and textbooks use physics representations to assist students in their
learning. Having an understanding of the use of these representations allows you
as a learner to proactively identify how you learn best. By identifying the types
of representations that cause difficulty in your learning, you can be proactive in
overcoming the learning barrier. Use the strategies mentioned to ensure effective
learning throughout your physics course.
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1.1 Review

representations.

« Scientific representations can usually be placed
into three levels of representations or categories:
macroscopic, sub-micro and symbolic.

+ Scientific concepts can be expressed by different

The symbolic level often expresses events at

the atomic scale; these symbols are used in
mathematical calculations.

Effective learning in physics involves understanding
the representations used in the subject, identifying

your own personal barriers to learning and working
to overcome them.

« The macroscopic level deals with observable events |
in physics. E
The sub-micro level deals with events that are too .
small to be seen by the naked eye, e.g. friction, which !
occurs at the atomic scale. :

KEY QUESTIONS

Retrieval
1 List the different representations used physics.

Analysis
3 Reflect on your learning in physics.
a lIdentify any barriers that block your learning.
b Explain how you might overcome this barrier to
your learning.

Comprehension
2 Demonstrate your understanding of each type of
representation by providing an example of each.
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PART A WORKING SCIENTIFICALLY

Part A will consider the basic mathematical skills and applications that will be required for the data test, a range of
mandatory and suggested experiments as well as the student experiment.

el8
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The data test (1A1)

The data test assessment (IA1) is completed at the end of Unit 3 and relates
only to material in that part of the physics course. The data test is completed in
conditions similar to those of the examination at the end of Unit 4, although the
focus of the data test is wholly on understanding, analysing and interpreting data
and drawing evidence-based conclusions.

The table below outlines some important information about the data test such as
the types of response items, the test conditions and the equipment that can
be used.

Data test

types of items » short answers: sentence or short paragraphs
* longer paragraphs (50-250 words per item)
» other types of item responses involving calculations,
interpretations

syllabus coverage Unit 3 (Gravity and electromagnetism)

assessment objectives » apply understanding
» analyse evidence
« interpret evidence and draw conclusions

conditions » perusal (reading) time: 10 minutes
» writing time: 60 minutes
equipment * QCAA-approved graphics calculator permitted

» seen formula and data booklet provided
» unseen stimulus material

marks » constitutes 10% of total assessment

Studying for the data test cannot be rushed just before the test. It is not a
memory-style test for which you can cram at the last minute. The skills and
thinking required to effectively complete the data test are best acquired over an
extended period of time, with practice and more practice. Part A outlines many
of the skills that will enhance your performance when working with data. Refer to
Part A on a need-to-know basis, to develop your skills.



1.2 Units and prefixes

» appreciate that physics uses the International System (SI) of units
recall the seven fundamental units, their symbols and definitions
differentiate between fundamental and derived units

understand that the Sl prefixes are multipliers of powers of 10 of the
base units

convert between various units of the same type using Sl and some
non-S| units.

Yvyy

A\

Every science needs a system of units in order to describe the measurements that
are made. In physics, measurements are made using the International System (SI)
of units. This system was first developed in France in 1791 with the advent of the
metric system, and then formally organised in 1960. Most countries around the
world (Figure 1.2.1) use and understand these units, as they are internationally
accepted in everyday life.

&

i

FIGURE 1.2.1 Only three countries are still yet to officially adopt the metric system: Myanmar
(in Asia), Liberia (in Africa) and the USA.

FUNDAMENTAL UNITS

There are seven fundamental units used in physics. These units cannot be simplified
into any other unit and describe the most basic measurements that can be made about
phenomena in the universe. The seven fundamental units are listed inTable 1.2.1 on
the next page. Note that the standard definition of the kilogram changed in 2019. A
piece of platinum—iridium alloy was used as the standard definition for the kilogram,
but now the kilogram is defined using constants from nature, in line with all other
SI base units.

0 Physicists use the International
System (SI) of units in
measurements and calculations.

CHAPTER 1 | PHYSICS SKILLS AND ASSESSMENT TOOLKIT
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TABLE 1.2.1 The seven fundamental S| units used in physics, their symbols and formal definitions

Quantity Symbol Definition Date of
definition

length metre the distance a ray of light, 1983
travelling at the speed of light,
moves in m of a second

mass kilogram kg taking the fixed numerical value 2019

of the Planck constant h to be
6.62607015 x 1034 when
expressed in the unit Js, which is
equal to kgm?s™

time second s 9192631770 oscillations of the 1997
ground state hyperfine electron
transition of caesium-133 at rest
at OK

electric current ampere A the current flowing in two 1948
straight, infinitely long parallel
conductors of negligible cross
section such that there is a force
of 2x 107" N between them for
each metre of length
temperature kelvin K 5741 Of the thermodynamic 2005
temperature of the triple point
of water (where H,0 exists as a
solid, liquid and gas)

amount of mole mol the amount of substance of an 1980
substance object that contains as many

particles as there are atoms

in 0.012 kg of ground state

carbon-12
luminous candela cd the luminous intensity of a 1979
intensity source that emits monochromatic

radiation of a frequency of

540 x 10'2 Hz and has a
radiant intensity of 683 watts per
steradian (or solid angle)

All the units in Table 1.2.1 are commonly studied in secondary school physics
courses, except for the mole and candela. The mole is extensively used in chemistry
as a measure of the quantity of a substance. The candela is a measure of light

FIGURE 1.2.2 One candela is about the same
as the luminous intensity of light given off by a ‘ a R i Ay
single candle. intensity. It is discussed in Chapter 11 and shown in Figure 1.2.2. In 2017, plans

were made to redefine all of the fundamental units in terms of atomic or quantum

aspects of nature.

ﬂ Seven fundamental units are used
in the Sl. They are the metre,
kilogram, second, kelvin, ampere,
mole and candela.

The fundamental units have been chosen so that they:
* do not change over time
» are accessible to the entire world
* are easy to reproduce.
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DERIVED UNITS

Every other unit that is used in physics is a mathematical combination (such as
division, multiplication, squaring) involving at least one of the seven fundamental
units, and are called derived units. Table 1.2.2 lists some of the most common
derived units encountered in high school physics.

TABLE 1.2.2 Some of the most common derived units in high school physics

m2

area, A square metre
volume, V cubic metre m?3
amount of liquid, V litre Lorl 1L=1000cm?®=0.001 m3
density, p kilograms per kgm™>
cubic metre
velocity, v metres per second ms!
acceleration, a metres per second ms?
squared
current, / ampere A
momentum, p kilogram metres kgms™ l1kgmst=1Ns
per second
force, F newton N 1N=1kgms?
energy, E joule J 1J=1Nm
power, P watt w 1W=1Jst
charge, q coulomb © 1C=1As
frequency, f hertz Hz 1Hz=1s"
Pressure, P pascal Pa 1Pa=1Nm>2
voltage, V volt 1v=1Jct
resistance, R ohm Q 10=1VA!
magnetic flux density, B tesla 1T=1NA'm!
magnetic flux, ¢ weber Wb 1Wb=1Tm?
activity, A becquerel Bq 1Bq =1 decays™

Note that when a unit has a division implied, such as the unit for velocity of
metres per second, its symbol is written as ms™! not my/s.

NON-SI UNITS USED IN PHYSICS

Two non-SI units are used extensively in physics, and they are both units of energy.

0 A derived unit is a unit that is
a mathematical combination
involving at least one of the seven

fundamental units.
e The kilowatt-hour, kWh, is used to describe the amount of energy used or

supplied to homes by power stations. Note that this unit is NOT kilowatts per
hour but kilowatts times hour.
1kWh=3.60x 10°]
e The electron volt , eV, is used to describe the energies of subatomic particles.
1eV=1.602%x10"]
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yotta

zetta

exa
peta

tera

giga

mega

kilo

hecto

deca

deci
centi
milli

micro

nano

pico

femto

atto

zepto

yocto
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Y
VA

1024
1021

1018
1015
1012

10°
10°

103
10?

10!

1072

10—15

10—18

10721
1672

S| PREFIXES

An SI prefix is a symbol written at the front of a unit to indicate that the
measurement is a power of 10 higher or lower than the unit itself.

There are 20 SI prefixes in use and most of them denote units that are one
thousand (103) times larger or smaller than the previous prefix. Table 1.2.3 lists

the 20 SI prefixes used in physics.

TABLE 1.2.3 The 20 official S| prefixes used in physics

septillion 1000000000000000000000000  The total power output of the Sun is 383 YW.

sextillion 1000000000000000000000 The diameter of the Milky Way galaxy is
about 1 Zm.

quintillion 1000000000000000000 1EeV=0.16J

quadrillion 1000000000000000 1 light-year is approximately 10 Pm.

trillion 1000000000000 1 TByte hard drives are now common
(Figure 1.2.3).

billion 1000000000 3.16 Gs = 1 century

million 1000000 1 MHz is close to the frequencies at which TV
stations broadcast.

thousand 1000 1 kg = 1000 grams

hundred 100 1 hPa is a unit used in meteorology to
describe atmospheric pressure.

ten 10 1 daN is approximately the force exerted by a
1 kg object on the surface of Earth.

unit 1 -

tenth 0.1 1L=1dm?

hundredth 0.01 1 cg of water takes up 1 mL of space.

thousandth 0.001 There are 1000 mm in 1 m.

millionth 0.000001 The ug is commonly used as the unit for
medicine dosage.

billionth 0.000000001 The wavelength of the yellow sodium street
lights is 550 nm.

trillionth 0.000000000001 The diameter of the hydrogen atom is about
100 pm.

quadrillionth  0.000000000000001 Some lasers emit a pulse of light that lasts
for 1 fs.

quintillionth 0.000000000000000001 Quarks and electrons are believed to be 1am
in size.

sextillionth 0.000000000000000000001 160 zJ is approximately 1 eV.

septillionth 0.000000000000000000000001  The mass of a proton is approximately 1.7 yg.



FIGURE 1.2.3 A 1.0 terabyte hard drive (a) in 2016 compared to a 1.44 megabyte floppy disc (b) in
the 1990s. The hard disc drive holds more than 690000 times the information that can be stored

on the floppy disc.

The larger prefixes are written as a capital letter, whereas the smaller prefixes are 0 An SI prefix is a symbol written
written using a lower-case letter. Note that the fundamental unit the kilogram has a at the front of a unit so that the
prefix, but all multiples of mass are written with the base unit grams. As an example, measurement is a power of 10
1 million kilograms is not written as 1 megakilogram, but as 1 gigagram (Gg). larger or smaller than the unit.

Before any measurements with a prefix can be substituted into a formula, they must
be converted into SI units without the prefix, in scientific notation. Figure 1.2.3
shows examples of storage devices that compare storage sizes in bytes using SI

prefixes.

Worked example 1.2.1
UNIT CONVERSIONS

Determine this value in Tesla.

The average strength of Earth’s magnetic field in Queensland is 50000 nT.

Thinking

Working

Write 50000 nT as a power of ten.

50000 nT =50000 x 10°T

Use scientific notation to write the
answer.

50000 x 107° T
=5x10000x107°T
=5x10*x107°T
=5x10°T

>» Try yourself 1.2.1
UNIT CONVERSIONS

The barn (b) is a non-Sl unit used to measure the cross-sectional area of nuclear
reactions. It is equal to 100 fm?. Calculate the size of a barn in m2.
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1.2 Review

» Physics uses the International System (SI) of units. » The Sl prefixes are symbols that go before a unit

+ There are seven fundamental units: metre, second, and indicate multiplication of the unit by a power
kilogram, kelvin, mole, ampere and candela. of 10.

+ Fundamental units cannot be written using any other * Units with a prefix need to be converted into
combination of units. scientific notation before they can be used in a

+ Derived units are units that can be written as some physics formula.

mathematical combination of the fundamental units.

KEY QUESTIONS

Retrieval Analysis

1 Name a derived unit that is a combination of two 6 Calculate the number of metres in the 656 nm
fundamental units. wavelength of red light emitted from hydrogen.

2 Name the fundamental units. 7 The Large Magellanic Cloud is the nearest large galaxy

Comprehension to our own Milky Way galaxy. It is located at a distance

of 48.5 kiloparsecs. If 1 parsec is equal to 3.1 x 103 km,
calculate how far away the Large Magellanic Cloud is
in km.

3 Lucy thinks that an ampere second and an ampere per
second are the same unit. Explain to her why they are,
in fact, two different units.

4 Explain the difference between fundamental units and
derived units.

5 Show that the unit weber can be written in
fundamental units as:

1Wb = 1[kgm2
As?
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1.3 Uncertainties in measurement

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand that all measurements made in physics experiments are
subject to a level of uncertainty

» differentiate between accuracy and precision, and know how to express this
quantitatively using significant figures

» perform calculations using significant figures

» recognise the difference between mistakes, systematic uncertainties and
random uncertainties

» determine the limit of reading and absolute uncertainty of analog and
digital instruments

» convert between absolute, fractional and percentage uncertainties

» perform propagation of uncertainties including addition, subtraction,
multiplication, division and powers of measurements and their
uncertainties.

Advanced laws of physics do not allow any measurement made in science to be
100% exact. This means that all measurements made in science are subject to a level
of doubt, or uncertainty.

ACCURACY AND PRECISION

An accurate measurement is very close to an accepted value, and the accuracy of
the measurement is how close it is to the accepted value.

The percentage discrepancy (or measurement discrepancy written as a
percentage) in the measurement is the difference between the measurement and the
accepted value, written as a percentage:

Percentage error = | measured value — accepted value | % 100%

accepted value

As an example, the speed of light is 299 792453 ms™'. An accurate measurement
is 300000000 ms ™', which has only a 0.07% error:

300000000 — 299792453
299792453

| X 100% = 0.07%

An inaccurate measurement is 780000000 ms™', which has a 160% percentage
error:

| 780000000 — 299792453

299792453 | x 100% = 160%

Devices that measure smaller and smaller units are also said to be precise.
Common examples are Vernier callipers and micrometers.

To understand more clearly the difference between accuracy and precision,
think about firing arrows at an archery target (Figure 1.3.1). Accuracy is being able
to hit the bullseye, whereas precision is being able to hit the same spot every time
you shoot.

0 The accuracy of a measurement
is how close it is to an accepted
value.

0 The precision of a measurement
is how many digits can be
written down to describe the
measurement.

€ Any measurement made in
physics needs to be both accurate
and precise.
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PRECISION

Low High

If you hit the bullseye
every time you shoot

you are both accurate
and precise.

If you hit the area around

the bullseye each time but
don't always hit the bullseye,
you are accurate. High

ACCURACY

If you hit the same area of
the target every time but
not the bullseye, you are
precise but not accurate.

If you hit a different part of
the target every time you
shoot, you are neither
accurate nor precise.

FIGURE 1.3.1 Using a dartboard with darts illustrates the difference between accuracy and precision.
Measurements should be both precise and as accurate as possible.

SIGNIFICANT FIGURES

. Another way of describing precision is by the number of significant figures in a
(] The precision of a measurement measurement. The significant figures of a measurement are digits that are known
is how many significant figures L . . .
exactly. The more significant figures a measurement has, the higher its precision.

can be written down to describe it.
Measurements written in scientific notation

In order to determine how many significant figures are in a measurement, you

should note that:

« All digits (including the 0s) in the coefficient of a number written in scientific
notation are significant.

* Digits in a number not written in scientific notation may or may not be significant.
Therefore, to avoid confusion, always write measurements in scientific notation,

as every digit in the coefficient is treated as significant. Table 1.3.1 shows some

examples of measurements written in scientific notation and the number of

significant figures.

TABLE 1.3.1 Some examples of determining the number of significant
figures in measurements written in scientific notation

Number of significant figures

9.6021x107°T 5
4.7 x 10%% Hz 2
2.300 x 102 Wb 4
2x10%*Vm™ 1
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Measurements not written in scientific notation

Determining the number of significant figures in a measurement written in scientific
notation is easy, but it is more problematic in measurements that are not written in
scientific notation.
Several rules can be used to determine the number of significant figures in a
measurement:
e The digits 1, 2, 3,4, 5,6, 7,8, 9 are always significant.
For example:
5622.1 has 5 significant figures.
6 has 1 significant figure.
e Any zeros between non-zero digits are significant.
For example:
1003 kg has 4 significant figures.
30602 s has 5 significant figures.
23000001 km has 8 significant figures.
e Zeros that are a placeholder are not significant.
For example:
23000000 J has 2 significant figures because all of the zeros are considered to
be placeholders and not actually measured. Measurements written like this are
ambiguous, as there could be anywhere from 2 to 8 significant figures here, so
the lowest number is used. The only way to be sure how precise the measurement
is is to write the measurement in scientific notation. 100 mm has 1 significant
figure, as the zeros are the units and hundreds placeholders. 0.000 000 03 m has
1 significant figure, as all zeros are also just placeholders.
¢ Numbers less than one that have zeros to the right of a non-zero digit are significant.
For example:
0.0310 ms™' has 3 significant figures because the two leading zeros are taking
the place of the units and hundredths placeholder. The final zero did not have
to be written unless it was actually measured, so therefore it must be significant.
0.004 002 000 J has 7 significant figures because the leading zeros are placeholders.
The zeros between the 4 and 2 are significant, as they are located between non-
zero digits, and the final three zeros must have been measured or they would not
have be written down.
* Any constants, or numbers that have been defined or counted exactly (such as the
speed of light or the number of years in a century) have an infinite number of significant
figures and are generally not used to determine the precision of a calculation.

Worked example 1.3.1
SIGNIFICANT FIGURES

Determine how many significant figures there are in these measurements.
a 7.03 x 10'*Bq

b 1.00C

¢ 0.0008008A

d 1260 W

Thinking

Working

a This measurement is written in scientific notation therefore all digits in the coefficient are
significant.

3 significant figures

b The final zeros are significant, as they did not need to be written down unless they were
specifically measured.

3 significant figures

¢ The first four zeros are not significant as they are just placeholders. The middle zeros are
significant because they are located between two non-zero digits.

4 significant figures

d The final zero is not significant, or is ambiguous, so it is not counted.

3 significant figures

CHAPTER 1 | PHYSICS SKILLS AND ASSESSMENT TOOLKIT
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>» Try yourself 1.3.1
SIGNIFICANT FIGURES

Determine how many significant figures there are in these measurements.
a 65000J

b 0.000000331 Pa

c 830x 107" Cs™

d 22.066 ms™

Calculations with significant figures

It is important to keep track of the number of significant figures in any calculation
with measurements, because the final answer cannot be more precise than any of the
measurements used in the calculation.

Addition and subtraction

When adding or subtracting measurements, the answer is written to the least number
of decimal places in the question. If a measurement has no decimal places, then the
answer is written to the largest number of placeholders in the question. If the answer
has more than the required number of significant figures, then it must be rounded

up or down to the correct number of significant figures.

Worked example 1.3.2

ADDITION AND SUBTRACTION WITH SIGNIFICANT FIGURES

figures.

Determine the answer to these calculations to the correct number of significant

a743L+3.7L+940L-0.05L

Thinking

Working

Perform the calculation keeping all
decimal places.

743L+3.7L+940L-0.05L
=756.05L

Determine the measurement with the
least number of decimal places.

743 L has no decimal places so it has
the least number of decimal places in
the question.

The answer must then be rounded up
or down to match the least number of
decimal places.

The answer of 756.05 L must therefore
be rounded down to 756 to have no
decimal places.

Write the final answer. 756 L
b 700N +412N+748N-0.2N
Thinking Working

Perform the calculation keeping all
decimal places.

7800N +412N+748N-0.2N
=8286.6 N

Determine the measurement with
the least number of decimal places
or with the largest number of
placeholders.

7800 N has 2 placeholders (i.e. to the
hundreds placeholder) and this is the
largest number of placeholders in
the question.

The answer must therefore be written
to the nearest hundred.

The answer must then be rounded up
or down to match the least number of
decimal places or largest number of
placeholders.

The answer of 8286.6 N must therefore
be rounded up to the nearest hundred.

Write the final answer.

8300 N




>» Try yourself 1.3.2
ADDITION AND SUBTRACTION WITH SIGNIFICANT FIGURES

Determine the answer to these calculations to the correct number of significant
figures:

a 0.02882 C - 0.0005521 C + 0.0093 C
b 924673 W - 367228 W

Multiplication and division

When multiplying or dividing measurements, the answer is written to the same
number of significant figures as there are in the measurement that has the least
number of significant figures. If the answer has more than the required number of
significant figures, then it must be rounded up or down to get the correct number

of significant figures.

Worked example 1.3.3

MULTIPLICATION AND DIVISION WITH SIGNIFICANT FIGURES

figures.

Determine the answer to these calculations to the correct number of significant

a 7.02m x61.33m?x 2.4 m?

Thinking Working
Perform the calculation keeping all 7.02mx61.33m?x 2.4 m?
decimal places. =1033.28784 m°®

Determine the measurement with the
least number of significant figures.

2.4 m? has the least number of
significant figures with 2.

The answer must then be rounded up
or down to match the least number of
significant figures.

The answer of 1033.28784 m® must
therefore be rounded up to 1.0 x
10® m® to have 2 significant figures.

Write the final answer.

1.0x 103 m®

b 5600.0 N +802.6 s

Thinking

Working

Perform the calculation keeping all
decimal places.

5600.0 N + 802.6 s = 6.9773237 Ns™*

Determine the measurement with the
least number of significant figures.

802.6 s has the least number of
significant figures with 4.

The answer must then be rounded up
or down to match the least number of
significant figures.

The answer of 6.9773237 Ns™! must
therefore be rounded down to have
4 significant figures.

Write the final answer.

6.977Ns!

>» Try yourself 1.3.3

MULTIPLICATION AND DIVISION WITH SIGNIFICANT FIGURES

figures.

a Use the formula V =
23.1 cm.

4xrd
3

Determine the answer to these calculations to the correct number of significant
to calculate the volume (in m3), of a sphere of radius

b Use the formula 1 = % with h = 6.626 x 1034 Js and p = 8.1 x 10723 Ns to
determine A and its fundamental unit.
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UNCERTAINTIES

Every measurement made in a physics laboratory or during an experiment is
subject to some uncertainty. This means that no matter how good or experienced
the experimenter is, or how sophisticated the equipment, it is impossible to know a
measurement exactly. This is a law of physics!

Uncertainties, or errors, can be divided into three types:
* mistakes (Figure 1.3.2)

0 A measurement stated without an
uncertainty is meaningless.

e systematic errors
¢ random errors.

Note that the word ‘error’, when used in physics, does not mean that a blunder
has been made in a measurement, but rather a statement of the precision of the
measurement. Thus, a measurement stated without an uncertainty is meaningless.
The smaller the uncertainty in a measurement the more precise it is.

Mistakes

These are actual mistakes made using equipment, mathematical blunders or
misunderstandings of the physics theory. As such, they are not considered to be a
measurement uncertainty and, with practice, can be eliminated entirely.

Systematic errors

Systematic errors are errors in the way the equipment or experimenter measures

T ¥ o Y| A iy~

fadags WA a particular phenomenon. Examples of where these types of errors occur include:
FIGURE 1.3.2 An example ofa mistake, rat‘he'r . poorly designed equipment
tlfg%an uncertainty, which occurred in Paris in * poorly calibrated equipment (the scale on the equipment does not match the

actual values)
* parallax errors (Figure 1.3.3)
zero error (the equipment not being reset to zero before use) (Figure 1.3.4).

,‘spm 0 10 200
SN wuihindyy,, e
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: #\\\\\\\\ ///////// 2

a <
CLass 20

FIGURE 1.3.3 (a) The correct reading of 0 kg
appears on the image when the scale is viewed
from directly in front. (b) An incorrect reading of
2 kg appears on the image because of parallax
error. This occurs when reading an analog scale
at an angle.

FIGURE 1.3.4 Three examples of zero error on
analog instruments: (a) voltmeter, (b) ammeter
and (c) a digital instrument (an electronic
balance).
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Systematic errors cannot be reduced by repeated measurements. The only way

to reduce these errors is to use more precise and correctly calibrated equipment. 0 §ystematllc errors are cgused by
. . . incorr ing or settin
Systematic errors do not affect the precision of a series of measurements, eqclj)ip;(:[n)’i LIl 17 S Ul

but they do affect the accuracy. A low value of systematic error indicates that a
measurement is very accurate.

Random errors

These errors are naturally occurring and are always present even if the equipment
and techniques are perfect. Examples of where these types of errors occur include:
¢ not taking enough measurements
* not rejecting any outliers
* not averaging the measurements.

Random errors cannot be eliminated, but they can be reduced by repeating the

experiment many times, removing any outliers, and finding the average of the values. 0 Randomi errors are always
present in a measurement and

Random errors do not affect the accuracy of a series of measurements, but they L
cannot be totally eliminated.

do affect the precision. Low values of random errors indicate that a measurement
is very precise.

Determining an uncertainty in a single measurement

When using an instrument to measure a property of an object, there will always
be a limit as to how precise the reading can be. In a physics experiment, analog
and digital instruments are both used and measurements are determined slightly
differently depending on which device is used.

The precision that can be read off a single instrument is called the limit of
reading. This is the smallest visible graduation on an analog instrument, or, if a
digital instrument is used, then the limit of reading is usually the smallest decimal
place given on the screen.

For most analog instruments, the absolute measurement uncertainty (also
known as the absolute certainty), Ax, in a measurement of x is exactly half of the
limit of reading for each part of the measured object that has to be lined up. This
means that the actual measurement could be anywhere from half of the smallest
graduation too big to half of the smallest graduation too small.

Some analog instruments have a zero mark and a reading mark, such as a
ruler (Figure 1.3.5a). The object to be measured has to be lined up at both ends,
therefore doubling the absolute uncertainty. For rulers and protractors the absolute
uncertainty is equal to the limit of reading, not half of it.

For a digital instrument, Ax is typically the limit of reading, or the smallest
decimal place given on the screen. An example of this is a high-precision electronic
balance (Figure 1.3.5b).

a
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FIGURE 1.3.5 (a) The ruler has a limit of reading of 1 mm and (b) the electronic balance has a limit of
reading of 0.001 g.
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€ For analog instruments that
have one scale to line up
(such as a measuring cylinder,

thermometer or voltmeter), the

absolute uncertainty, Ax, in a

Usually, the absolute uncertainty in a measurement will have one significant
figure, or two significant figures if the first digit is 1.This is because the uncertainty
of a measurement is an estimate, and writing more than two significant figures is
therefore meaningless. Some examples are given in Table 1.3.2.

When the absolute uncertainty has been determined, the measurement should
be rounded so that it and the absolute uncertainty have the same number of decimal

measurement of x is exactly half
of the limit of reading for each
part of the measured object that
has to be lined up.

For analog instruments that

have two scales to line up (such
as rulers and protractors), the
absolute uncertainty, Ax, is equal
to the smallest graduation scale,
or limit of reading.

For digital instruments the
absolute uncertainty, Ax, is equal
to the smallest decimal place
displayed.

mm ruler analog 1 mm

cm ruler analog lcm

Vernier analog 0.05 mm

callipers

micrometer analog 0.01 mm

thermometer analog 1.0°C

measuring analog 1.0 mL

cylinder

protractor analog 1.0°

stopwatch digital 0.01s

electronic digital typically 0.01 g

balance

analog analog depends on

voltmeter the scale of the
instrument

analog analog depends on

ammeter the scale of the
instrument
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places. This is to keep the measurement and its uncertainty to the same precision.

TABLE 1.3.2 Examples of measurements and their absolute uncertainties

Measurement and Comments
absolute uncertainty

48.2+1.0°C

99.99 £0.01s

0.000000031

+0.000000005 kg

The absolute uncertainty is written to two significant figures
because the first digit is 1. The measurement and uncertainty
have the same number of decimal places.

The measurement and absolute uncertainty are written to two
decimal places, with one significant figure for the uncertainty.

This measurement of time may have been recorded using a digital
device such as a data logger because the precision is quite high.

This is technically a correct way of writing a measurement and

its absolute uncertainty, but it is normally written in scientific
notation so that the measurement and uncertainty have the same
power of 10, i.e. (3.1 + 0.5) x 1078 kg.

Table 1.3.3 summarises the limit of reading and absolute uncertainty of common
analog instruments used in a high school physics lab.

TABLE 1.3.3 A summary of common instruments and their uncertainties used in a physics laboratory

Type of Limit of Absolute
instrument | reading uncertainty

+1.0 mm 123.8+ 1.0 mm Half of the limit of reading is 0.50 mm, but the
object to be measured has to be lined up at
both ends, so the uncertainty is double this, or
+1.0 mm.

+1.0cm 314+1.0cm As for a mm ruler.

+0.05 mm 19.44 + 0.05 mm  Vernier callipers and micrometers use screws
to determine the measurement (Figure 1.3.6).

+0.01 mm 7.13£0.01 mm

+0.5°C 244 +0.5°C Only the top part of the liquid in the thermometer
has an uncertainty, so the uncertainty is exactly
half of the limit of reading.

+0.5 mL 15.7+0.5mL The limit of reading and absolute uncertainty
depend on the size of the measuring cylinder.

+1.0° 30.1 £1.0° The two lines that make up the angle have to be
lined up, so the uncertainty is twice half of the
limit of reading, similar to that for rulers.

from +0.1 to +t0.4s 9.6+0.2s The limit of reading is not the absolute
uncertainty for a stopwatch because the user’s
reaction time (usually between 0.1 s and 0.4 s)
needs to be taken into consideration.

+0.01l g 7.03+001l¢g The uncertainty is the smallest possible decimal
place that is displayed.

half of the smallest 3.4 +05V In this example the smallest increment on the

increment on the device is 1 V.

display

half of the smallest 2.14 £ 0.05 A In this example the smallest increment on the

increment on the
display

device is 0.1 A.



FIGURE 1.3.6 (a) The Vernier calliper and (b) micrometer use screws to determine the measurement.

How to write a measurement and its absolute uncertainty are summarised below.

1 Determine the absolute uncertainty from the type of instrument used to measure
the quantity.

2 Measure the quantity, including an estimate of the final significant figure.

3 If the first digit of the absolute uncertainty is 1, then one more significant figure
can be quoted. Usually this extra digit is zero.

4 'The measurement is then rounded up or down to the same number of decimal
places, or placeholders, as the uncertainty.

|x|||.|||x|nu|;_ g
0 S 10 % 45

0 The absolute uncertainty
should be written to one or two
significant figures, which then
determines to how many decimal
places the measurement is

5 Add the unit of measurement for the quantity. written.
Worked example 1.3.4
READING MEASUREMENTS
For each of the following objects, determine its measurement and the uncertainty.
a The length of the pink rectangle is measured with a ruler calibrated in cm.
\ |
| 1| 2| 3| 4| 5| 6| 7| 8| 9| 10| 1 1| 12| |
Thinking Working
The pink rectangle is approximately midway between 9 cm and 10 cm in length, so Length
the best estimate for this is 9.5 cm. L =9.5cm
The limit of reading is 1.0 cm so this is the uncertainty in a cm ruler. AL=%1.0cm
Write the measurement and the uncertainty. L=95+1.0cm
b The temperature of tap water is measured using an analog thermometer.
ALl 36 i 3 8 "4 o’ ulnn‘u4u|2
— i|iin||m| i
3ls sz | 'sl9 4ah C
Thinking Working
The temperature is between 40.1°C and 40.2°C, with the best estimate of 40.14°C. Temperature
T=40.14°C
The limit of reading is 0.1°C so the uncertainty is half of this: 0.05°C. AT =+0.05°C
Write the measurement and the uncertainty. T=40.14 £ 0.05°C
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Worked example 1.3.4 continued

¢ The temperature of tap water is measured using a digital thermometer.

-_— - Y| o

Thinking Working

This temperature measurement is done using a digital thermometer, so the Temperature
temperature is simply read off the screen at 36.4°C. T =36.4°C

The uncertainty in this measurement is then 1 of the smallest decimal value: AT =+0.1°C
+0.1°C

Write the measurement and the uncertainty. T=364+0.1°C

>» Try yourself 1.3.4
READING MEASUREMENTS

For each of the following objects, determine its measurement and uncertainty.

a The length of the pink rectangle is measured with a ruler calibrated in half cm intervals.

R A A I I I

1

o |

b The volume of liquid is measured in a measuring cylinder calibrated in mL.

|

¢ The mass of this apple is measured on an electronic balance.
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Determining the uncertainty in a number of trials of a
measurement

The information above described how to determine the absolute uncertainty in a
single measurement. To reduce the absolute uncertainty of a measurement, take as
many trials as possible of the same measurement.

Once a series of trials of a single measurement has been taken, the best estimate
of the value of the quantity is the average, or mean:

x —x= sum of the individual trials, x;, x5,... _ &
best — v T number of trials, » T on

The absolute uncertainty of the mean, Ax, is found by finding the difference
between the smallest and largest individual trial, then dividing by 2:

¥ = + | Xmax xmin)
Ax =+ (—2

Note that if the absolute uncertainty of the mean gives a smaller value than the
individual absolute uncertainties, then the absolute uncertainty of the mean should
be the absolute uncertainty of the individual measurements.

Worked example 1.3.5
UNCERTAINTIES IN THE MEAN OF A SET OF MEASUREMENTS

The strength, B, of the magnetic field at a distance of 1.0cm from a neodymium
bar magnet was measured at seven points along its long axis and recorded in T,
using a digital magnetic field sensor with an uncertainty of 0.1 T. The results were:
1.3,12,091.1,1.1,1.2 and 1.1.

Calculate the mean (average) value for the strength of the magnetic field of the
bar magnet and its absolute uncertainty.

Thinking Working
First, calculate the mean of the set of B 13+12+09+11+11+12+11
measurements. 25 7
Note that the mean has not been rounded to the =7
correct number of decimal places at this stage. =1.128571T
Find the uncertainty in the mean using the AB = +(13-o.9)
difference between the maximum and minimum L2
values, divided by 2. - 1(02;4)
=+02T
This value is larger than each individual B=11+02T

uncertainty, so it will now be the final absolute
uncertainty of the mean.

The uncertainty also has one significant figure,
so no rounding of the uncertainty needs to be
done. It has one decimal place, so the mean will
be rounded to also have one decimal place as

the final value.

» Try yourself 1.3.5
UNCERTAINTIES IN THE MEAN OF A SET OF MEASUREMENTS

The resulting voltage, V, of six trials of an electromagnetic induction experiment
was measured using an analog voltmeter with the smallest increment on the
device being 0.01V. The results were:

7.23,7.41,7.39,7.29, 7.40 and 7.29.

Calculate the mean (average) voltage produced in this experiment and the
absolute uncertainty in the mean.
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measurement, the best estimate
of the measurement is the mean,
or average, and the best estimate
of its uncertainty is the absolute
uncertainty of the mean.
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0 The percentage uncertainty is a
way of writing the uncertainty of a
measurement as a percentage of
the measurement.

0 If measurements are being added
or subtracted, their absolute
uncertainties always add.

Worked example 1.3.6

PROPAGATING UNCERTAINTIES

Propagating uncertainties means combining the uncertainties in one set of data with
the uncertainties in another data set. To help with these calculations, an uncertainty
can be written in three ways:

+ absolute uncertainty: AX = i(w)

. . I i
« fractional uncertainty = 22solute uncertainty
measurement

absolute uncertainty x 100%
e ey A

e percentage uncertainty =
measurement

Note that only the absolute uncertainty has the same units as the measurement
and should only have the rules for significant figures and decimal places applied to
it. When quoting the final value of the uncertainty of a measurement, the absolute
uncertainty should always be used.

Table 1.3.4 shows some examples of writing the absolute uncertainty as a
fractional uncertainty and percentage uncertainty.

TABLE 1.3.4 Conversions between the absolute, fractional and percentage uncertainties

Measurement and absolute | Fractional uncertainty Percentage uncertainty
uncertainty

20.2+0.5cm 05 05 _
11648 +001 g 0.01 — 0.01 _

T1e4g = 3-99%10 9 116‘48><100%-O.00859%
50+1.0° 1.0 10

55=02 EXIOO%:ZO%

Often in physics is it necessary to calculate values with two or more measurements
using a formula. Not only do the measurements need to have some mathematical
operation performed on them, but so do the uncertainties.

Adding or subtracting uncertainties

If an operation involves the addition or subtraction of two or more measurements,

then you must also add the absolute uncertainties.

e If a and b are two measured values with absolute uncertainties of Aa and Ab, and
their sumis vy = a + b, then Ay = Aa + Ab.

e If a and b are two measured values with absolute uncertainties of Aa and Ab, and
their difference is y = a — b, then Ay = Aa + Ab.
This means that it does not matter whether the operation is addition or subtraction,

as the absolute uncertainty is the total sum of the individual uncertainties.

ADDING OR SUBTRACTING UNCERTAINTIES

Perform the following calculation:
(41+£02)nC+(9.71£04)nC

Thinking Working

Ignore each uncertainty and add the measurements. Let x be the sum of the two quantities.
x=41+9.7=138nC

This is an addition operation, so add the absolute uncertainties. Ax=02+04=06nC

The absolute uncertainty can only have one significant figure because the first x=13.8+£0.6nC

digit is not 1.

The absolute uncertainty also has one decimal place, so x will also have

one decimal place.
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» Try yourself 1.3.6
ADDING OR SUBTRACTING UNCERTAINTIES

Perform the following calculation:
(8.144 + 0.005) x 1029 Ns - (3.41 +0.01) x 107?°Ns

Multiplying or dividing uncertainties

If an operation involves multiplication or division, then the percentage or fractional
uncertainties always add. The percentage uncertainty is then changed back into an
absolute uncertainty as the final step.

e If a, b and ¢ are three measured values with absolute uncertainties of Aa, Ab

and Ac, and y is given by y = %b, then Ay—y = %+%b+%, where % is the fractional
uncertainty in a.

e If a, b and ¢ are three measured values with absolute uncertainties of Aa, Ab and
Ac, and y is given by y= l’ then %% = 8294 + 29 + 2294, where 829 is the
percentage uncertainty in a.

This means that it doesn’t matter whether the operation is multiplication or
division, as the percentage or fractional uncertainties are always added. Uncertainty
calculations must all be done as fractional uncertainties or all done as percentage
calculations; never mix the two types.

Note that if a measurement is multiplied or divided by a constant then the
uncertainty is also multiplied or divided by the same constant.

€ If measurements are being
multiplied or divided, their
percentage uncertainties always
add.

0 Any constants have an absolute
and percentage uncertainty of
exactly zero.

Worked example 1.3.7
MULTIPLYING OR DIVIDING UNCERTAINTIES

Perform the following calculation:
(16.8+0.5)Js x (4.14 +£0.01) s}

Thinking

Working

Ignore each uncertainty and multiply the measurements.
Do not forget to operate on the units as well.

Let x be the product of the two quantities.
x=168x4.14=69.552J

This is a multiplication operation, so the absolute
uncertainties will need to be converted into percentage
uncertainties.

168+05cm=168 =% %x 100%Js=16.8 £2.98%Js

414+001s =414+ % x100%s! = 4.14 + 0.2415%s"!

The percentage uncertainties are now added.

Ax% =2.98% + 0.2415% = 3.2215%

The percentage uncertainty is now converted back into an

Ax =3.2215% of 69.552 J

absolute uncertainty. _ 3_125015 % 69552
=2.2406J
The absolute uncertainty does not have 1 as its first digit, x=70x2)

therefore only one significant figure can be quoted: Ax = 2.

The absolute uncertainty therefore has no decimal places so
x will also have no decimal places.

>» Try yourself 1.3.7
MULTIPLYING OR DIVIDING UNCERTAINTIES

Perform the following calculation:
(41+05)V+(9.44+0.08) x 102 A
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0 When raising a measurement
to an index, the percentage
uncertainty is multiplied by the
absolute value of the index.

0 When propagating uncertainties,
perform any addition and
subtraction calculations first.

Worked example 1.3.8
MIXED UNCERTAINTY CALCULATIONS

Squaring, square root or other powers with uncertainties

If an operation involves an index or power, then the percentage uncertainty is
multiplied by the absolute value of the power. The percentage uncertainty is then
changed back into an absolute uncertainty as the final step.

Remember that any index or square root can be written as a single power.

0.5 1

For example: +/x = x* and % =x"

If a is a measured value with an absolute uncertainty of Aa, and y = a”, then:
&% = |n|ﬂ%
y a

This means that the percentage uncertainty in y is the percentage uncertainty
of a multiplied by the positive value of the power, #n. The absolute value |#| is the
magnitude of # and does not include the sign.

Note that addition, subtraction, multiplication, division, powers and square
roots are the only operations that require you to work out the uncertainties. Other
functions such as sin, cos and tan require the use of calculus, so you will not need to
calculate the uncertainties of these operations in this course.

When propagating uncertainties with a mixture of addition, subtraction,
multiplication, division and indices, perform the addition and subtraction
calculations first, then the multiplication, division and power calculations.

Ifa=452+0.02m and b=2.0+0.2s, then calculate ¢ and its uncertainty when c = Zé.

Thinking

Working

Don’t forget the units.

First, ignore each uncertainty and perform the calculation for c.

c=452%:20%=25538 m?s3

This is a multiplication operation, so the absolute uncertainties
will need to be converted into percentage uncertainties.

a=452+0.02m b=20+02s
:4.521%x100%m =2.04_r(2)%><100%s
=452+ 0.4425% m =20+10%s

To obtain the final percentage uncertainty, the individual
percentage uncertainties are multiplied by the absolute values
of the powers of a and b given in the formula.

Ac% = 2 x 0.4425% +|-3 x 10% m?® s*
= 0.885% + 30% m? s>
= 30.885% m? s

uncertainty.

Now convert the percentage uncertainty into an absolute

Ac = 30.885% of 2.5538
= 30885 2.5538

=0.7887 m?2s3

The absolute uncertainty does not have 1 as its first digit,

therefore it must be rounded to one significant figure: Ac = 0.8.

The absolute uncertainty therefore is written with one decimal
place to match the number of decimal places in the uncertainty.

c=26+08m?s>3

>» Try yourself 1.3.8
MIXED UNCERTAINTY CALCULATIONS

lfa=36%+06kg b=9.91+0.01 m,and c=4.9+0.5 kg, find dwhen d =, bea.
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1.3 Review

All measurements made in physics experiments are
subject to a level of uncertainty, or doubt, as to the
precision of that measurement.

A measurement without an uncertainty is
meaningless.

Accuracy is a description of how close a
measurement is to an accepted value.

Precision is a description of how many digits can be
written down for a single measurement, or how close
together a group of measurements are.

Significant figures are a way of communicating the
precision of a measurement. There are specific rules
governing how many significant figures there can be
in any measurement.

Systematic errors, or uncertainties, arise due to
mistakes in calibrating or using equipment the wrong
way for every measurement.

Random errors, or uncertainties, are naturally
occurring and cannot be eliminated.

KEY QUESTIONS

Retrieval

State the type of error associated with the following:

a

inaccurate measurements

b imprecise measurements.

Identify whether each of the situations below is a
mistake, a systematic error or a random error.

a

Kirsten measured the charge on four different
pieces of metal using a digital device, but did not
check that the device was set to zero at the start of
each measurement.

Jackson was measuring the mass of approximately
2 g samples of 5-cent pieces using a balance that
was accurate to the nearest 1 g.

Shiva sometimes forgot to reset the balance to
zero between weighing trolleys used in a motion
experiment.

The limit of reading of an instrument is the smallest
graduation on the device.

The absolute uncertainty of a measurement is
determined by the limit of reading of the measuring
instrument.

Uncertainties can be written as an absolute, a
fraction or a percentage.

Propagation of uncertainties involves the
mathematical combination of uncertainties from

a range of variables.

When adding or subtracting measurements, the
individual absolute uncertainties always add.

When multiplying or dividing measurements, the
individual percentage uncertainties always add.
When raising a measurement to a power, the
percentage uncertainty is multiplied by the absolute
value of the power.

When using measurements in a formula, perform
any addition and subtraction propagations first,
followed by multiplication, division and indices.

State the absolute uncertainty of the following

instruments.

a acm ruler

b an electronic balance giving a reading down to the
nearest 0.001 g

¢ an analog needle voltmeter graduated in 10 volt
intervals

Comprehension

4

Explain why it would be unreasonable to state that the
absolute uncertainty in a handheld stopwatch is * half

of the limit of reading, or £0.005 s.

Explain why repeated measurements do not change
the systematic error.

Determine the length, and absolute uncertainty, of the

pink rectangle, using the given scale calibrated in cm.

R

d

3

IIII6|IIII7|IIII8|IIII9|III1IO|III1I1|IIII

12|IIII|
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1.

3 Review continued

Write these measurements and uncertainties to the
correct number of significant figures and decimal
places.

a (6.626 x 1034 +(9.8149 x 1073%) Js

b (0.00178330+1.512 x 10™°) MeV

Analysis

Differentiate between precision and accuracy.

Marney asks to borrow your precious ruby for a day to
show her family. You are a bit worried, so you carefully
have your ruby weighed on a scale that reads 16.19 g.

The scale’s precision is claimed to be £0.01 g. The next
day you weigh the returned ruby again, getting 16.16 g.
Determine whether this is your ruby.

The magnetic field strength, B, inside a straight piece
of wire is given by the formula:

B HolNI

L
where

| is the current through the wire (A)

L is the straight length of the wire (m)

N and g are constants.
If the percentage uncertainty in / is £5% and the
percentage uncertainty in L is £2%, calculate the
percentage error in B.
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12
13

14

Ifa=20.0+0.5m and b=5+1m, calculate the value
and absolute uncertainty of ¢ = 2 > b,
Calculate A and AA, if A=nr?and r=4.12 + 0.05 m.

The constant electric field between two parallel
charged metal plates is found by dividing the force on

a single charged particle by the charge on that particle.

A small charge of constant value is placed between
the two metal plates and the force on it is measured at
different points between the plates.

Particle’s charge 4.5 4.6 4.5 4.4 4.6
(0.1 x 1078¢C)

Force on particle 225 | 231 | 219 | 220 | 2.28
(£0.02 x 1073N)

Calculate (with their uncertainties):

a the average charge on the particle

b the average force on the particle

¢ the electric field between the metal plates.
fw=452+002m,x=2.0+0.2m, and

2
W — X
7

y=3.0+0.6 m, calculate zwhen z = (



1.4 Graphing

» appreciate that graphs can show a wealth of information relating two or
more variables and constants, including their uncertainties

» understand that graphs can be used to predict relationships between
variables or used to find outliers in data

» display data, including error bars, line of best fit, and minimum and
maximum lines of primary and secondary data

» recognise the common types of graphs or relationships seen in physics
and know examples of each

» linearise data that is not already producing a straight-line graph

» use the equation of a straight line of best fit to determine the gradient and
y-intercept

» use the gradient and y-intercept in further processing of data

» use the minimum and maximum lines to calculate an uncertainty in the
gradient and y-intercept.

USING GRAPHS IN PHYSICS

A graph is a very useful tool. In physics, data is plotted using a line or curved graph
and it is sometimes called a scatterplot. In graphs:

¢ data can be seen visually

e incorrect data points can be ignored

e constants can be determined from the properties of the line or curve

* uncertainties can be seen as error bars

* aline of best fit or trend line can be drawn to show the trend of the data points

e any known relationship between the dependent and independent variables can
be supported or rejected, especially by the use of uncertainties.

Figure 1.4.1 shows an example of a typical graph used in physics, complete with
error bars and line of best fit.

Cosmic microwave background spectrum from COBE

COBE data +—+—+

black body
spectrum

N W
wn O
T T

200+

150

Intensity (MJysr)

100

50

2 4 6 8 10 12 14 16 18 20 22
Frequency (cm™)
FIGURE 1.4.1 One of the best fits of data to theory is the intensity of microwaves coming from deep
space against their frequency taken by the COBE satellite in the 1990s.
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The shape of a curve can be used to suggest a possible relationship between the
dependent and independent variables. Figure 1.4.2 shows a hypothetical relationship
between Bloxists and Dubars. The number of Bloxists measured is plotted against the
rate of Dubars. The shape of the graph and the index of the trend line suggest there
is an inverse relationship. The trend line passes through each error bar, so the inverse
relationship between Bloxists and Dubars appears to be real.

Bloxists measured against the rate of Dubars

1000
y/=862.04x1028

900 R2=0.9976

800
700+
600

500+

Bloxists (J kg™! A1)

400+

300

200+

100+

T T T T T T T T T
2 4 6 8§ 10 12 14 16 18 20
Rate of Dubars (Hs™")
FIGURE 1.4.2 Hypothetical Bloxists graphed against the hypothetical rate of Dubars showing how the
shape of a graph and its error bars can suggest a particular relationship between variables.

Graphs can display ‘holes’ or missing data, and therefore where more
measurements need to be taken, especially around rapidly changing values.
Figure 1.4.3 shows many data points located around the 0.5 phase value, taken to
confirm the curvature of the data.

Radial velocity measured against phase

o%- {* }*

0.2+

%
—0.2 %

RV (kms™)
(e}
|

-0.4
-0.6 {
—0.8
T T T T T T T
0 0.2 0.4 0.6 0.8 1 2
Phase

FIGURE 1.4.3 The radial velocity curve and y-axis error bars for an exoplanet orbiting the star Tau
Bodtis. Many data points were taken around the 0.5 phase values in order to confirm that that point
was an important part of the best-fit curve.
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DRAWING GRAPHS IN PHYSICS

There are some general rules to follow when drawing a graph in physics:

1

Use a suitable set of axes for the independent and dependent variables.

Most physics graphs are only drawn in the first quadrant, but some graphs use

all four quadrants (i.e. have negative values for the independent and dependent

variables).

¢ The independent variable is the variable that you deliberately change and
always goes along the x-axis.

¢ The dependent variable is the variable that depends on the variable you
change and always goes on the y-axis.

Use a suitable scale that allows information to be seen easily and quickly.

For most graphs it is important to choose a scale that is linear and has tick marks

at common intervals (e.g. 2, 5, 10, 100 units).

Add a title and label the axes.

Make sure that the axis labels show information about the quantity and units.
Give a descriptive title that is not just a repeat of the labels of the axes.

Plot data points as a small circle or small cross indicating their position.

Include error bars drawn for each point.

These indicate the absolute uncertainties in the independent (a horizontal
line) and dependent (a vertical line) values. They are drawn as a horizontal
line centered on the data point indicating the uncertainty of the independent
variable left and right of the value, and as a vertical line centred on the data point
above and below the value indicating the uncertainty of the dependent variable.
The error bars for x and y form an error rectangle that the true measurement is
located within (Figure 1.4.4).

The smaller the error bars for a given point, the more precise the measurement is.

Graph showing error bar

y
0.8
0.6
——
0.4+
0.2+
T T T T
0.2 0.4 0.6 0.8 X

FIGURE 1.4.4 This error bar has an x-value of 0.6 £ 0.1, and a y-value of 0.5 £ 0.2.

6 Draw a line of best fit.

This is the straight line or a curve that best summarises the data. This line does
not have to pass through every point nor the origin, but does have to be one
smooth continuous line or curve and not a join the dots’. Typically the line
of best fit should have as many points on the line as possible, but if this is not
possible then it should have as many points above the line as there are below the
line or curve.

€ Error bars are the graphical
representation of the uncertainties
in the independent and dependent
variables.
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0 The line of best fit is a straight

ed4

line or curved line that best
summarises the general pattern of
the data on the graph.
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Figure 1.4.5 shows that the line of best fit should normally pass through the
error bars of each point, and be extrapolated so that it intersects the y-axis.

Graph showing line of best fit

Line of best fit

Braking distance (in metres)

s

Mass of car (in kilograms)

FIGURE 1.4.5 A graph showing the line of best fit passing through the data, as well as the y-intercept.

TYPES OF GRAPHS SEEN IN PHYSICS

In physics, many relationships that exist between two variables can be represented
using formulas and graphs. Each of the following types of graphs is common in the
study of physics.You will encounter all of these graphs at some stage during the course.

Linear graphs
Straight line or linear graphs represent variables that have a constant rate of change
and the power of each variable is 1. The gradient and y-intercept of a linear graph are
calculated easily (Figure 1.4.6). The general equation of a straight line is:
y=mx+c

where

m is the gradient

¢ is the y-intercept.

y
10

T T
2 4 6 8 10 X

FIGURE 1.4.6 The linear, or straight line, graph. In this example, the equation of the lineisy =x + 2,
with a gradient of 1 and y-intercept of 2.




Examples of linear relationships in physics include that between the energy of
a photon of light and its frequency, and the force on a charged particle between two
parallel metal plates and the charge on the particle. Note that if the y-intercept of the
equation is zero then the relationship between the x- and y-variables is said to be directly
proportional and the equation is y = mx. The equation of the line in Figure 1.4.7 is y = 2x.

y

2 4 6 8 10 X

FIGURE 1.4.7 An example of a direct proportion. The equation of the line is y = 2x. The line passes
through the origin and has a gradient of 2.

Linear graphs of the form y = mx + ¢ either increase (if the gradient is positive)
at a constant rate, or decrease (if the gradient is negative) at a constant rate.

Parabolas
Parabolas represent relationships in which the independent variable is squared and
the variables increase at an increasing rate (Figure 1.4.8). The general equation of
a parabola is:
v =kx
where k is a constant.
y

2 4 6 8 x

FIGURE 1.4.8 An example of a parabolic or squared graph. The equation of the parabola is y = 0.5¢.

Examples of parabolic relationships in physics include that between the position of a
projectile and the time when launched at an angle to the horizontal, and the centripetal
acceleration of an object moving in a circle of constant radius and its velocity.
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Inverse functions or hyperbolas

These graphs represent variables with an inverse or - L relationship. The

independent variable

curves decrease at a decreasing rate and do not intersect the x- or y-axes. When

one variable increases, the other variable decreases (Figure 1.4.9). The general
equation of a hyperbola is:

. y="%

where £ is a constant.

y

20+
15

104

T T T T
5 10 15 20 X
10

FIGURE 1.4.9 An example of a hyperbola, or inverse, graph. The equation of the hyperbola is y = =~.
X

Examples of hyperbolic relationships in physics include that between the wavelength
of a photon and its momentum, and the magnetic field strength inside a solenoid
and the length of the solenoid.

Periodic or sine and cosine graphs
These graphs represent relationships that oscillate between a maximum and
minimum value over a period of time (Figure 1.4.10). The general equations of a
sine graph and a cosine graph are, respectively:
vy = Asin ox
y=Acoswx
where
A is the amplitude, or the maximum value of y
 is the angular frequency of the motion (w = 2 X © X frequency).

ay by
4 4
34 3+
2+ 2
1 1
0 T 0 T T T T T
5 X 5 X
14 14
2 -
3 34
—4- -4+
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FIGURE 1.4.10 Examples of (a) a sine graph with equation y = 3sin tx and (b) a cosine graph with
equation of y = 3 cos mx. The variable x is measured in radians in each case.




Examples of sine and cosine relationships in physics include that between the
position of a mass on a spring and time, and between the current from an alternating
current supply and time.

Exponential decay
These graphs represent variables that decrease from an initial value over a period of
time but never reach zero. The curves decrease at a decreasing rate (Figure 1.4.11).
The equation of an exponential decay graph is:
vy =A™
where
A and k are constants

¢ is the mathematical constant 2.71828...
y

4

T T T T
1 2 3 4 X

FIGURE 1.4.11 The exponential curve. In this example the equation of the curve is y = 4™
indicating that the initial value of the graph is 4.

Note that the exponential graph is different from an inverse relationship because
an exponential relationship has a y-intercept whereas an inverse relationship does not.

Some examples of exponential curves seen in physics are those representing the
decay of a radioactive sample over time, and those representing the amplitude of
a wave that experiences damping (reduction in amplitude) over time. Table 1.4.1
summarises the common graphs seen in physics.

TABLE 1.4.1 A summary of the features of commonly encountered graphs and relationships seen in

physics

Graph type How y changes with x Rate of change of y

linear y=mx+c increasing if m >0 constant
decreasing if m < 0

directly y = mx increasing if m > 0 constant

proportional decreasing if m< 0

parabolic y = ke increasing if k> 0, increasing
decreasing if k<0

hyperbolic y==k decreasing decreasing

X
periodic y = Asinox oscillating between N/A
y = Acoswx maximum and minimum
exponential y = Ae™™ decreasing decreasing
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6 Linear graphs are the easiest to

analyse in physics as they have
a y-intercept and a constant
gradient.

0 If raw data does not show a linear
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trend, the data can be linearised.
This involves modification of what
is displayed along the independent
and dependent axes to show a
linear trend.
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LINEARISING DATA

A linear relationship is easy to analyse when processing raw data. The y-intercept
and constant gradient are both readily calculated and the values often represent
physical quantities. For example, the gradient of a graph of force against acceleration
gives us the mass of the object from F = ma.

What if your raw data graph is not a straight line?

There are ways of processing the curved raw data to obtain values of constants,
but they are not easy. A way around this is to convert the raw data into straight line
data via a process called linearisation.

Linearisation involves changing what is graphed along the horizontal and/or
vertical axes so that a linear graph is produced. Note that this process does not
alter the raw data in any way; it just changes how it is displayed as a graph and is a
legitimate way of processing data.

For example, in an experiment the vertical displacement of a dropped rock was
measured at various times from an initial height of 24.0m. The data is shown in
Table 1.4.2 and used to find a value for the acceleration due to gravity, g. Note that
uncertainties were noted but have been removed for this example.

TABLE 1.4.2 Raw data of the height above the ground of a dropped rock at various times

Height above ground or displacement (m)

0.0 24.0
0.5 225
1.0 189
1.5 139
2.0 59
23 0.0

A graph of the raw data shows a parabolic relationship, with time on the x-axis
and displacement on the y-axis (Figure 1.4.12).

Displacement of a dropped
rock over time

[— — (] N w
T T T 47
L g

Vertical displacement (m)

(9]
|
{ ]

0!5 i 1{5 é 2!5

Time (s)
FIGURE 1.4.12 The graph shows a parabolic relationship between the vertical displacement of an
object falling under Earth’s gravity and time.




As this graph is not linear, it is not immediately apparent how to obtain
information about the acceleration due to Earth’s gravity. To analyse this data, the
graph needs to be linearised to produce a straight line. The data ‘looks’ parabolic and
this is backed up by the quadratic equation that relates the vertical displacement, s,
of a falling object under Earth’s gravity, g, over time, :

s=1gt* +24.0

This is a parabolic relationship between s and z because the independent variable,
t, is squared.

To linearise this equation, you transform it into the straight-line equation
y=mx + ¢ (Figure 1.4.13).You then match the variables s to y and #* to x (shown in
blue) and you can see the gradient and y-intercept of the linearised #* graph (shown

in red).
+
+

FIGURE 1.4.13 Linearising an equation

To linearise the quadratic equation s = % gt> +24.0 you equate to the general
equation of a line y = mx + ¢:
e sis plotted on the y-axis.

o s plotted on the x-axis.
+ The gradientis m=4g.
¢ The y-intercept is ¢ = 24.0.

For the linearised version of the data, s is still on the y-axis but the x-axis will
now be 72, rather than z. Time is squared, so insert a new column in the table of data.
The y-intercept is the displacement when ¢ is zero. From the table you can see that
y-intercept is 24.0 m.

Note that in Table 1.4.3, the time? column is inserted immediately to the right of
the original time data and that the unit of time is also squared. No change has been
made to the displacement column.

TABLE 1.4.3 Processed data including time? to be used for the linearised version of the relationship
between displacement and time

Time (s) | Time? (s?) Height above ground or
displacement (m)

0.0 0.00 24.0
0.5 0.25 225
1.0 1.00 189
1.5 2.25 139
20 4.00 59
23 5.29 0.0
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A graph of displacement versus time® should now be a straight line. Figure 1.4.14
shows this as a very good linear fit to the data (R* of 0.9994). The linear trend line
is also shown.

Displacement of a dropped
rock over time squared

(O8]
o
|

y = —4.4744x + 23.738
R*>=0.9994

— — [\) [\
o W S W
| | | o

Vertical displacement (m)

(9}
|

1 2 3 4 5 6
Time? (s?)

FIGURE 1.4.14 The linearised graph of vertical displacement against time? allows the gradient and
y-intercept to be used to calculate the acceleration due to Earth’s gravity.

From the trend line, the gradient is —4.4744 m s72, and y-intercept is 23.738 m.

The y-intercept value of 23.738 m is close to the actual y-intercept of 24.0 m, so
it is an accurate result.

The gradient value of —4.744 ms 2 is much lower than the expected value of the
acceleration due to Earth’s gravity, g, which is =9.81 ms ™2, so what went wrong?
Remember that:

Gradient = % g
-, g = gradient X 2
g=—4.4744x2
=-8.9488 ms >

This value is still slightly inaccurate, but that is probably due to air resistance
encountered by the falling rock.

This example shows that from non-linear raw data, a linear trend line could be
used to find the values of the gradient and y-intercept.

Note that you can only linearise data if there is a relationship between the x-
and y-variables in the first place, otherwise the linearisation process is meaningless.
Figure 1.4.15 shows how this does not work if there is no relationship between the
variables.

30

20

No. stingless bees

T T T T
10 20 30 40 50
No. Africanised honey bees

FIGURE 1.4.15 An extremely poor line of best fit to data that was actually published in the journal
Science in 1978. Can you see the duck?




Sometimes the relationship between the x- and y-variables is known, but often
it is unknown. This is what makes data analysis in physics exciting: using data and
uncertainties to find an otherwise hidden relationship between the dependent and
independent variables.

Worked example 1.4.1
LINEARISING DATA

Below are two formulas used in physics. Descriptions of the shapes of the
graphs when the raw data are graphed are shown in brackets. Assume that all
other symbols are constant. For each formula:

i state what variable would need to be graphed on the horizontal and vertical
axes to linearise these equations

state the values of the gradient and y-intercept.

af= ’”T"Z (F on the y-axis and v on the x-axis produce a parabola.)

Thinking Working

i vison the x-axis and the graph is a parabola,
so the new x-axis variable will be v2. The y-axis
variable, F, will not be modified.

New x-axis variable = v2

New y-axis variable = F
(unchanged)

i F="2+ 0

The y-intercept is zero.
The coefficient of v2 is %

y-intercept =0

Gradient = ?

b A= g (A on the y-axis and p on the x-axis produce a hyperbola.)

Thinking

Working

i pison the x-axis and the graph is a hyperbola,
so the new x-axis variable will be %. The y-axis

variable, A, will not be modified.

New x-axis variable =

1
P

New y-axis variable = A

(unchanged)

ii /’L:h(%)+0

The y-intercept is zero.

The coefficient of % is h.

y-intercept =0
Gradient=h

>» Try yourself 1.4.1
LINEARISING DATA

Below are two formulas used in physics. Descriptions of the shapes of the
graphs when the raw data are graphed are shown in brackets. Assume that all

other symbols are constant. For each formula:

i state what variable would need to be graphed on each of the horizontal and

vertical axes of a graph to linearise these equations

ii state the values of the gradient and y-intercept.

a E, =X — W (E, on the y-axis and A on the x-axis produce a hyperbola.)

hi
A

bFr=_1 é (F on the y-axis and g on the x-axis produce a parabola.)

Aneg r
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Table 1.4.4 summarises the commonly encountered relationships in physics and
shows how to linearise each equation. Note that you will not be expected to linearise
periodic relationships.

TABLE 1.4.4 A summary of common relationships in physics, and how to linearise the raw data to
produce a straight line. Note that for parabolic, hyperbolic and square root relationships there is
more than one way to linearise the raw data

linear y=mx+c already linear already linear no change no change
directly proportional y = mx already linear already linear no change no change
parabolic y = ke x° no change k no change

X \/y N no change
hyperbolic y zé % no change k N/A

X 1 1 N/A

y 3

exponential y=Ae™ X Iny —k In A
square root v =kx Jx no change k no change

X P K no change

scaling error

Actual quantity x

FIGURE 1.4.16 The recorded measurements
are k times their real values. This means that
the instrument’s scale did not match the scale
indicated on the display or on the graduated
marks.

0 Systematic errors are seen in
graphs when every data point
is shifted out of its theoretical
position by the same amount or
same ratio.

e52 PHYSICS 12 | UNITS3AND 4

USING UNCERTAINTIES IN GRAPHS

Graphs can reveal systematic and random uncertainties. Systematic errors will

. y=kx reveal themselves on linear graphs if the actual measurements do not match the
E perfectly predicted values, but there is an obvious pattern. Random uncertainties show as
S accurate error bars, and these can be used to determine the uncertainty in the gradient and
g measurement . .

o = y-intercept of the line of best fit.

o1 -_—

(%]

© n -

K Systematic errors in graphs

Incorrectly calibrated equipment will give the type of graph shown in Figure 1.4.16.
This type of systematic error comes from an incorrectly scaled instrument.

For example, a ruler that has an incorrectly calibrated scale could read 1.2 cm
when it should read 1.0 cm, and read 2.4 cm when it should read 2.0 cm.

Incorrectly zeroed equipment will give the type of graph shown in Figure 1.4.17.
All measurements along the y-axis are offset by the same value.

Measured value y

offset error
y=x+C

perfectly
accurate
measurement

y=x

Actual quantity x

FIGURE 1.4.17 The recorded measurements need to be reduced by C to give the real values. This
means that the instrument was not fully reset to zero before measurements were made.




For example, an electronic balance incorrectly zeroed could read 1.4 g when it
should read 1.1 g, and 23.7 g when it should read 23.4 g.

Random errors in graphs
Any graph showing the relationship between two variables should also include
uncertainties as error bars. When processed or raw data yields a straight line,
the uncertainties can be used to determine the uncertainty in the gradient and
y-intercept of the line of best fit. This is done via the use of the lines of maximum
and minimum gradient.
¢ The maximum gradient line is found by lining up a straight line such that it
passes through all of the error boxes (at least part of either the error bars for y or
x of every data point) at the steepest possible gradient.
¢ The minimum gradient line is found by lining up a straight line such that it
passes through all of the error boxes at the shallowest possible gradient.
Note that this can be tedious to do by hand and so software is available that will
do this automatically.

Graph of distance travelled by toy car
Figure 1.4.18 shows an example of a linear graph, the best fit trend line and the

maximum and minimum lines.

Distance a toy car travels
over various times

—— maximum slope trend line
—— minimum slope trend line
—— best fit trend line

Distance travelled (m)
[\o]
|

1_
0 | | | | | |
/ 1 2 3 4 5 6
-1 - Time (s)
_2 —

FIGURE 1.4.18 An example of a linear graph showing the best fit line, error bars, and maximum
and minimum lines. The minimum and maximum lines are used to determine the uncertainty in the
gradient and y-intercept.

If calculations are to be done manually, determine the values of the three slopes
(line of best fit, maximum line and minimum line) by choosing two points on each
line, not the data points. The y-intercept of each of the three lines can be read off the
y-axis. Remember to also include units in your calculations.

If the gradient and y-intercepts are done automatically, they can be read off
from the equations of the lines generated by the software. In Figure 1.4.18 the three
equations are:

equation of best fit line: vy =1.02x — 0.0803
equation of the maximum line: y=1.19x - 0.753
equation of the minimum line: vy = 0.881x + 0.407.

0 Maximum and minimum gradient
lines show the uncertainty in the
gradient and y-intercept in linear
data.
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These data tell us that the difference between the maximum and minimum
gradient, and maximum and minimum y-intercept, are not very large, so the data is
quite precise. The line of best fit also lies between the maximum and minimum lines.

Using the same procedure for calculating the absolute uncertainty of the mean
on page €35, the uncertainty of the gradient can be found by using:
maximum gradient — minimum gradient

2
And, similarly, the uncertainty in the y-intercept can be fund using:

Agradient =

maximum y-intercept — minimum y-intercept
2

Using the data from Figure 1.4.18, the uncertainties of the gradient and
y-intercept are:

A(y-intercept) =

1.19 - 0.881
2
=0.1545m s

Agradient =

A(y-intercept) = 0.407--0753 7270'753

=0.58m

Finally, using the correct significant figures and decimal places of uncertainties,
the final values of the gradient and y-intercept are:

gradient=1.02+0.16ms ™!

y-intercept =—0.1 £ 0.6 m.

Note that in this example:

e the gradient represents speed. The toy car is travelling at a constant speed of
1.02+0.16ms™".

e the y-intercept represents the initial distance travelled. This is expected to be
zero, because at time zero the toy car is at the start. The value of the y-intercept
has a range of values from +0.5m to —0.7 m, which includes the expected Om.
This indicates that the data is quite accurate for this variable.

Graph of volume versus mass of a copper cube

Table 1.4.5 shows data from an experiment in which the masses and volumes of
solid copper cubes were measured in order to find the density, and its uncertainty,
of copper.

TABLE 1.4.5 Raw data of the masses and volumes of five different solid copper cubes that will be
graphed and used to determine the density of copper and its uncertainty

Volume of copper cube (£5 mL) Mass of copper cube (10 g)

1 10

8 70
24 220
53 480
125 1120

This data is now graphed with volume on the x-axis and mass on the y-axis.
Each error bar is shown, but the y-axis error bars are very small and difficult to
see. Figure 1.4.19 shows the line of best fit as the blue dotted line, with the green
and red dotted lines being the maximum line and minimum lines, respectively. The
equations of each are also shown, along with the R? value for the line of best fit.

From the line of best fit (blue):

gradient = 8.958 gmL ™

y-intercept = 1.9725g.



Mass of copper cube against the volume of each cube

1200

1100 S0
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900 e
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7007 v = 8l958x+ 1.9725 ”,,,'f'" y = 8.1343x + 52.537
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2500
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2y =9.9128x - 59.474
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FIGURE 1.4.19 The complete graph, error bars and maximum and minimum lines for mass and
volume data of copper cubes. The dots at the extremities of the lines were used to help draw the
maximum and minimum lines.

From the graph:
Agradient = w
=0.889 g mL’
A( y—intercept) = M
=56.006 ¢

Note that in this example:
¢ the gradient represents the density of copper, whichis 9.0+ 0.9 g mL L. This is

a reasonably precise measurement with a 10% uncertainty, and the discrepancy

between this value and the accepted value (P opper = 896 g mL™") is only 0.4%.
e the y-intercept represents the mass of a copper cube with zero volume, which is

2 £+ 60 g.You would expect this to be zero because any solid with no volume has

no mass. The value of the y-intercept (2 + 60 g) contains the expected value of

zero in its range from —58 g to 62 g.

The trend line passes through every error bar, so the data is free of mistakes
and matches theory. The precision of the data can be increased by using a higher
resolution balance and callipers to reduce the uncertainty in mass and volume,
although it was the uncertainty in volume that was the main source of uncertainty
in the calculations. Systematic error can be eliminated because the value of the
y-intercept contains the expected value of zero in its range.
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1.4 Review

Graphs show a wealth of information relating two
or more variables and constants, including their
uncertainties.

Graphs can be used to predict relationships between
variables or used to find outliers in data.

Graphs drawn in physics should display:

- atitle

- labels, scales and units on each axis

- plotted data

- error bars in the x- and y-direction

- line of best fit for linear and non-linear graphs
- maximum slope line for linear graphs only

- minimum slope line for linear graphs only.

KEY QUESTIONS

Systematic errors appear in graphs where the data
for x or y is shifted or multiplied by the same value.
Commonly used graphs in physics are: linear,
parabolic (squared), hyperbolic (inverse), sine and
cosine, and exponential decay curves.

A linear graph is the easiest to analyse because

it is straightforward to calculate the gradient and
y-intercept, and these are used in further processing
of the data.

Any graph that is not linear can be linearised to
produce a graph that has modified x- and y-axes.
The minimum and maximum lines are used to
calculate the uncertainty in the gradient and
y-intercept.

c d
Y y
3+ 44
2+ 3
11 2

—_
o
-
~
=

Retrieval
1 Recall how systematic errors are shown on a graph.
2 |dentify the type of relationship between the x- and y-variables that is shown in each of the following graphs.
a b
y y
4- 4
3+ 3
2 2]
14 14
r3 3\4 : IR R
—14

.—
ro—
o]
~
=
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Consider the graph shown below.
Physics lab graph

5_
4_
Rl
X 3
g
2_
I_W

T T T
0.3333  0.6666  0.9999

Inverse frequency
a List the mistakes or poor techniques in this graph.
b For each mistake in your list, indicate how the graph
could be corrected or improved.

Comprehension

4

8

Ruby draws a straight line graph of data, including error
bars, from an experiment she has just completed. She
finds that it is not possible to draw a straight line of best
fit through every error bar. Explain to Ruby why this is
the case and suggest some improvements to her data.
If theory suggests that the y-intercept of a line is zero,
describe what this should look like on a linear graph.
Explain why linear graphs are much easier to analyse
than curved graphs, such as parabolic or hyperbolic
graphs.

Describe what a graph of a variable that decreases at
an increasing rate would look like.

Describe what a graph of a variable that increases at a
decreasing rate would look like.

Analysis

9

10

Below are three formulas used in physics. A
description of the shape of the graph when the raw
data are graphed is shown in brackets. Assume that all
other symbols are constant.
i Describe what modified variables, if any, need to
be plotted on each axis to produce a linear graph.
ii Identify what the gradient and y-intercept
become in each case.
a P=AcT* (P on the y-axis and T on the x-axis
produce a rapidly rising curve).

b a= % (a on the y-axis and T on the x-axis produce

a hyperbola).
¢ n,sinB, = sind; (6, on the y-axis and 6; on the
x-axis produce a near-straight line)
Kay and Glenn performed an experiment to determine
the strength of a bar magnet, B, placed at a constant
distance away from a single loop of wire (L = 10.0
+ 0.1 cm long) carrying a current, I. They measured the
force, F, on the wire using an electronic balance when

11

the current through the loop of wire was varied and
obtained the following results.

Current through loop of Force on wire,
wire, I (£0.1 A) F (£0.01 N)
1.0 0.13
2.0 0.23
3.0 0.38
4.0 0.50
5.0 0.60

The relationship between the force experienced by the

wire placed near the bar magnet is given by F = BIL.

a Draw a graph of the data in the table. Include a line
of best fit and error bars.

b Determine the gradient of the line of best fit,
maximum line and minimum line.

¢ Use your answer to part b to calculate the value of
the strength of the bar magnet, and its uncertainty.

d Comment on the value of the y-intercept and its
uncertainty.

Zoe researches the period, T, and average orbital radius,

r, of several planets in our solar system and records

them in the table below.

Planet Period T (+10°s) | Average orbital radius
r (£10° km)

Mercury 7600000 58000000

Venus 19400000 108000000

Earth 31500000 150000000

Mars 59400000 228000000

The relationship between T and R for our solar system

is found by:

T _ 4n?
B GM

where G is the universal gravitational constant,

6.67 x 1071 N m? kg, and M is the mass of the Sun

in kg (when all other units are Sl).

a Draw a graph of the data in the table, with r as the
independent variable (in m) and T as the dependent
variable (in s). Include a line or curve of best fit and
error bars.

b Linearise the data by identifying new modified
variables for the x- and y-axes.

¢ Draw the new straight line using the new modified
variables. Include the modified error bars on your
graph.

d Draw the maximum and minimum lines.

e Determine the gradient of the line of best fit,
maximum line and minimum line.

f Use your answer to part e to calculate the value of
the mass of the sun, and its uncertainty.

g Comment on the value of the y-intercept and its
uncertainty.
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PARTB STUDENT EXPERIMENT (IA2)

The QCAA requires students to complete a student
experiment in Unit 3 Physics. The student experiment
assessment requires students to research a question

or hypothesis. Students use research conventions to
investigate the question or hypothesis by collecting,
analysing and synthesising primary data. The experiment
requires students to locate and use information beyond
the scope of their knowledge and what they have been
given.

The student experiment requires you to undertake the full
scientific method. The syllabus states that this process
begins with a practical conducted during class, either a
mandatory or suggested practical. This in-class practical
will be altered to conduct your own experiment. It is

recommended that during the class practical you record
your observations, queries and thoughts in a logbook.
These notes can be used to lead to a research question or
hypothesis for the student experiment.

The student experiment constitutes 20% of the total
assessment in Physics.

The student experiment may be presented in:

 written form (e.g. scientific report), 1500-2000 words,
or
* multimodal presentation form (e.g. slide show),
9-11 minutes.
A summary of the ISMG for the student experiment (IA2)
is provided below. The table includes the objectives and
marking for this summative internal assessment.

Assessment objectives Demonstrated by m

Research and + apply understanding

» a considered rationale for the experiment

planning * investigate phenomena « justifications for the experiment
» aresearch question that is specific and relevant
» collected data that is sufficient and relevant
» consideration of risks and issues (ethical and environmental) and
their management
Analysis of + apply understanding » use of relevant algorithms and correct data processing 6
evidence « analyse evidence » detailed and careful coverage of relevant trends, patterns and
+ investigate through experimentation relationships in the evidence
» detailed and careful coverage of uncertainty and limitations of
evidence
» collection of relevant raw data and sufficient data
Interpretation * interpret experiment evidence » aconclusion that is justified and addresses the research question 6
and evaluation + evaluate experimental processes » adiscussion about the reliability and validity of the experiment
and conclusions that is supported by evidence
» providing possible improvements and extensions to the
experiment based on examination of evidence
Communication + present the experiment’s findings, + scientific language and representations that are concise and fluent 2
including methodology, conclusions, ¢ suitable use of genre conventions
evaluation » appropriate referencing conventions to acknowledge sources
Total 20
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The scientific inquiry is not a linear process. Scientists will not necessarily
complete these steps in the stated order and some steps may need to be repeated
or altered in order to more accurately address the research question, as shown in
the flow chart below.

‘ Idea to be investigated/modification RESEARCH AND PLANNING

to in-class practical

'

[ Rationale ]

'

[ Research question or hypothesis ]

'

Aim

!

Methodology
* procedure
« materials and equipment
* risk assessment
* repeat experiment
several times

i RESULTS AND ANALYSIS
[ Experimental data ]

'

[ Processing and analysis

¢ INTERPRETING AND COMMUNICATING

[ Conclusions ]

'

Evaluation
* sources of error
* suggested improvements

Note that although protocol dictates that a scientific report should include an aim,
for the purposes of the student experiment (IA2) the inclusion of an aim will not
be awarded any marks and inclusion will count against the assessment piece word
count.

Instrument-specific marking guide

Student responses are assessed against an instrument-specific marking

guide (ISMG). In developing your experiment and planning your response it is
important to always have in mind the assessment objectives, and in particular the
characteristics that are described in the performance level descriptors.

The major features of the ISMG are outlined below and shown for the ‘Analysis of
evidence’ criterion.
The ISMG has:
« four criteria: research and planning, analysis of evidence, interpretation and
evaluation and communication
« performance levels, against which the qualities of the response are assessed
- A performance level is comprised of a performance level mark, which may
be a single mark or 2-mark range, and performance level descriptor.

- The performance level descriptor describes the characteristics that are
demonstrated by a response at this level.
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The QCAA criterion ‘Analysis of evidence’ stipulates the characteristics of the
top performance level. The interpretation of these characteristics is shown in the

table below.

In order to be awarded a mark of 5 or 6 for this criterion, you need to show
a much more thorough, thoughtful and comprehensive engagement with the
task. For example, appropriately applying algorithms and representations of
data through correct and relevant data processing is working at the highest
performance level. However, adequate application and basic data processing is
working in the next lower performance level. If the application is rudimentary and
data is incorrect and irrelevant, the performance level is lower again

Criterion: Analysis of evidence

4 Objectives N

These are the objectives
being assessed. Your work
must demonstrate these
objectives. Definitions
of the objectives
can be found in the
syllabus glossary. How
the objectives will be
assessed is described

—)L Objectives of assessment task

3 analyse evidence from experiment
5 investigate ... through an experiment

2 apply understanding of ... to modify experiments and process primary data

Key features that distinguish between marking levels:

Marks

| * processing data correctly and in a way that helps answer the
research question
» thoroughly identifying relevant relationships, trends, patterns to

K below. Y,

4 Descriptor \

Each dot point in each
performance level
descriptor is called

a descriptor. The
descriptors contain all the
characteristics required
to achieve that level of
performance.

They outline the evidence
that teachers will search

demonstrate systematic and effective analysis of evidence

» thoroughly and appropriately identifying the uncertainty and
limitation of evidence to demonstrate systematic and effective
analysis of evidence

» collecting sufficient and relevant data to demonstrate an effective
and efficient investigation

5-6

» basic processing of data to demonstrate an adequate application
of algorithms and representations of data

« Identifying obvious relationships, trends, patterns to demonstrate
effective analysis of evidence

» rudimentary identification of uncertainty and limitations of
evidence

+ collecting relevant data to demonstrate an effective investigation

3-4

» processing data incorrectly or processing data in a way that does

K for in your work. Y,

Performance level
descriptor
The performance level
descriptor is the whole
of the left-hand cell in
each performance level.
It is made up of all the
descriptors in that level.
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not relate to the investigation

» identifying incorrect or irrelevant relationships, trends, patterns to
demonstrate ineffective analysis of evidence

« identifying uncertainty or limitations of evidence incorrectly or to
a degree that does not help resolve the investigation

« collecting insufficient and irrelevant data to demonstrate an

’ ineffective investigation

1-2

a Performance level \
Together, the
performance level
descriptor and the
mark are known as
the performance
level. Once the
descriptors for
a particular
performance level
descriptor have
been assessed, a
performance mark
is awarded. You can
only be awarded
one of the marks in
the corresponding
‘Performance mark’
column. If all the
descriptors of the
performance level
descriptor are
demonstrated in
your response, then
the upper mark is
awarded. Otherwise
the lower mark is

| * descriptors not addressed

K awarded. /

/Performance mark\
The performance
mark is the mark

awarded to the

0 €=

response for the
particular criterion.
It is related to
the quality of
the response as
measured against the
performance level

K descriptor.

/

In the modules that follow, you will find a guide to a scientific method
(Modules 1.5-1.7) followed by an outline on producing a scientific report

(Module 1.8).
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1.5 Research and planning

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» identify and explain the difference between controlled, measured,
independent and dependent variables

develop a research question or hypothesis

evaluate a research question or hypothesis

use a scientific journal to record experiments and experimental data
plan, evaluate and refine scientific experiments

explain what validity and reliability mean in relation to experimentation
explain the difference between, and identify, qualitative and quantitative data
characterise qualitative data as either nominal or ordinal

characterise quantitative data as either discrete or continuous

explain the difference between replication and repeat trials

conduct risk assessments of planned experiments

recognise common chemical GHS codes and symbols

understand the criteria against which research and planning will be assessed.

YYYYYYVYVYVYVYYY

All scientific work begins with research and planning. This includes understanding
the relationship between controlled or measured variables as well as the independent
and dependent variables. Research and planning is the foundation of the scientific
method and is always recorded in a journal.

The journal will show a chronological record of ideas, development of knowledge
and understanding, planning and refinement. Even though the journal will be in
chronological order it most likely will not be entirely in a conceptually logical order.
The journal is on ongoing draft of scientific work from which the final scientific
report is written.

IDENTIFYING AN EXPERIMENT AND DEVELOPING
A RESEARCH QUESTION

Identifying an experiment for the student experiment requires you to modify, refine,
extend or redirect a practical undertaken in class. Therefore, the experiment will
be similar to the class practical with an alteration to investigate something slightly
different (Figure 1.5.1).

An extension

To extend the experiment is to
make an alteration that will enable
further investigation and further
understanding to be developed
through the results.

A refinement

To refine an experiment is to make
an improvement or development
in the experiment so that data
obtained is more accurate or precise.

Class
practical

A modification A redirection

To modify an experiment is to make a

partial or minor change. This will result

in partially different or minor changes
in the results measured.

To redirect an experiment is to make
alterations in which the results will be
different, developing an understanding
of different relationships (the variables
may be the same or similar).

FIGURE 1.5.1 Chart showing possible changes to a class practical when developing a student experiment
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Identify an experiment

During the class practical, record observations, points of interest, errors, and ideas
for improvement or variables that you believe are significant to the experiment.
Choose one of these observations to alter: modify, refine, extend or redirect.
When choosing a topic or observation to alter, consider the following:
e Select an observation/topic of which you already have some knowledge or
understanding.
e Choose a topic/observation you find interesting.
e Check that your school laboratory has the resources for you to perform the
experiment or investigate the topic.
e Choose a topic that can provide clear, measurable data that shows how variable
v depends on variable x.
Table 1.5.1 shows examples of modifying, refining, extending or redirecting
practicals into a topic of interest for a student experiment.

TABLE 1.5.1 Examples of ideas for changes to a class practical

Class practical Modification, refinement, extension or Student experiment idea
redirection

Measuring the strength of the magnetic field Extension and modification Measure how the thickness of the wire
near a straight piece of wire affects the strength of the magnetic field.
or

Measure how the perpendicular distance
away from the wire affects the strength of
the magnetic field.

Modification and refinement Measure the strength of the magnetic
field when the apparatus is placed in a
medium other than air.

Conducting an experiment to determine the Extension and modification Investigate how the radius of motion
value of the acceleration due to Earth’s gravity affects the calculations of the acceleration
using centripetal force apparatus due to Earth’s gravity.

or

Investigate how the hanging mass (i.e.
stationary mass) affects the calculations of
the acceleration due to Earth’s gravity.

Modification and redirection Measure the angle that the swinging mass
makes with the horizontal and determine
its effect on the calculations of the
acceleration of Earth’s gravity.

Using a laser and diffraction grating, or slit, to Extension Use a laser and diffraction grating to
show that light behaves as a wave to collect data measure the thickness of a razor blade.
to calculate its wavelength

The Queensland General Senior Syllabus, Physics 2019 requires the student
experiment report to justify the alteration of the methodology from the class
practical. When altering the class practical to identify a student experiment, it is
best to think of a single variable that might influence the outcome (independent
variable). This will require some research. The more variables that are altered
(including measured and controlled variables), the more research required and the
more complex the task becomes. Note that some alterations of variables may require
the alteration of other variables.

e Ifonly one variable is changed (the independent variable), then the class practical
can be used as the control and the data collected can be used to compare results.

e If both the independent and dependent variables are altered, then the data of
the class practical and the student experiment are not comparable. The student
experiment will need to determine its own control.
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Defining the variables

The factors that can change during your experiment or investigation are called
the variables. An experiment or investigation determines the relationship between
variables. There are four categories of variables (Figure 1.5.2). You should have
only one independent variable, otherwise you could not be sure which independent
variable was responsible for changes in the dependent variable (the results).

Dependent variable
a variable that may change in
response to a change in the
independent variable, and is
measured or observed

Independent variable
a variable that is controlled by the
researcher (the one that is
selected and changed deliberately)

Types of
variables

Controlled variables .
Measured variables

Influence the dependentvariable the variables in an open system
p ! that cannot be controlled and

£ I STHBI Ui IS therefore must be measured
the investigation

FIGURE 1.5.2 The four types of variables in experiments

Developing a research question

A research question is defined as a question that directs the scientific inquiry. Its

purpose is to focus the research investigation or student experiment, inform the

direction of the research, and to guide all stages of inquiry, analysis, interpretation and

evaluation. The research question determines the experiment and the experiment is

testing the question. A research question should:

e be specific and relevant to the class practical and have specific measureable
variables defined

e clearly identify the subject matter of the experiment

» specify the scope or conditions of the inquiry

« aim to find trends, patterns or relationships between two variables.

Consider the example in Figure 1.5.3.

A class practical An alteration to Ask a question
investigated the practical that can be

the time taken for could be to test answered: ‘Will
a cart to travel the effect of the the mass of a cart

down a ramp with mass of the cart affect the time

respect to the on the time taken taken for it to

angle of the to travel down travel down a

observation: ramp. alteration to the ramp. ramp?’
class class question

practical practical

u

FIGURE 1.5.3 The process from class observation of a practical, to altering the practical and
developing a possible question

Background research for the student experiment can refine the question. The
research could include:
* information about the variables
» correlations between variables
¢ ideas for refining the question; at this stage, do not reject ideas that might seem
improbable.
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Figure 1.5.4 demonstrates the process of question refinement and the resultant
question that will guide the student experiment.

mass of cart, a refinement,

+ Greater mass of
cart results in
increased
speed of travel. Will the mass

of a cart affect

* Greater angle of the time taken

angle of alteration, ramp results in for the cart to
] ramp, surface ] extension or Can mass greater speed travel down
observation:|  of ramp | alterationto | redirection , affect speed? | packground | of cart. refine the ramp?
class class question >~ - : | e
. : research question
practical practical

FIGURE 1.5.4 The process of refining a question in a student experiment

The structure of a research question

All research questions should state the independent and the dependent variables.
Each question should ask whether the independent variable affects the dependent
variable. It must specifically outline variables in a way that is measureable; this also
allows the question to be answered.

For example:

Independent variable

Dependent variable

K

“Will the[wavelength of light|that is shone onto the surface of a metal affect[the current]through a circuit?’

Astheresearch questionis constructed,it should have the following characteristics:

* measurable variables—the independent and dependent variable

e a guiding word, such as who, what, why or will
¢ phrasing that enables a definitive answer to be developed

e the capacity to link the guiding word to a command verb such as identify,
describe, compare, contrast, distinguish, analyse, evaluate or create so that a task can

be determined.

Table 1.5.2 shows examples of research questions with links between guiding
words and command verbs.

TABLE 1.5.2 Examples of constructed research questions

Guiding Example research questions What are you being asked to do?
word What are the command verbs?

What What difference does temperature have on the induced
voltage produced by a generator?

Will Will a motor rotate at a higher rate if the current through it is
increased or decreased?

How How does the angle between the magnetic field and current-
carrying wire affect the force on the wire?

Why Why does the angle of release affect the range of a projectile?

Is/are Are Kepler’s laws valid for planets outside of our solar
system?
Is the speed of light the same for each colour of the rainbow?

Can Can you charge a perspex rod using a sheet of glass?

Do/does Does the strength of Earth’s gravitational field depend on the
height above sea level?
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Identify and describe specific evidence, reasons and examples
from a variety of possibilities.
Identify and describe

Identify and describe giving reasons for effectiveness.
Identify and describe

Identify and describe in detail a process or mechanism.
Give examples using evidence and reasons.
Identify and describe

Explain in detail the causes, reasons, mechanisms and
evidence for.
Identify and explain

Evaluate. Justify, giving reasons and evidence.
Evaluate, assess, justify

Evaluate and assess. Is it possible? Give reasons, suggest
possible alternatives.
Evaluate, assess, justify, create

Evaluate. Justify using reasons and evidence for and against.
Evaluate, assess, justify



Formulating a hypothesis

A hypothesis can be developed from the research question. A hypothesis is a
statement that proposes a relationship between variables, based on some level of
understanding. This statement must be testable, meaning it must specifically and
clearly state a change in variables that can be tested through measurement.

The student experiment does not necessarily require a hypothesis, which is not
always appropriate or beneficial. A hypothesis, if it is suitable, requires the control
of variables to be more stringent during the experiment, resulting in an analysis of
raw data that can specifically address the original inquiry of the observation. More
stringent controls for errors may reduce uncertainties and produce results that are
more straightforward to interpret.

Scientists use literature reviews and background research to develop an
understanding of an observation and then infer a reason for their observation. The
inference is then tested using experimentation to determine if it is true (verified or
supported) or false (falsified or refuted).

Because the hypothesis proposes a specific relationship between the independent
and dependent variables, the hypothesis can either be supported or refuted by the
results. To be able to propose a specific relationship the scientist must have some
knowledge and understanding of the variables.

To develop a hypothesis, similar steps are undertaken to those for developing a
question (Figure 1.5.5).

o

The writing of a hypothesis is

an optional inclusion that might
support the development of your
research question. A hypothesis
is not an assessed component

of the ISMG, and not every
research question will lead to the
development of a hypothesis.

a
observation alteration to develop background
of class class guestion | eseeneh
practical practical

refine
question

express as a hypothesis
(this expresses a
proposed relationship
between the independent
and dependent variables)

b independent variable ]

If X happens, then Y will happen.

dependent variable ]

[ independent variable ]

aluminium tube, then the cylinder of copper takes the shorter time to fall through the tube.

(

If I drop a cylindrical magnet and a cylinder of copper of the same size as the magnet into an

| dependent variable }

FIGURE 1.5.5 (a) Steps to refining a research question or hypothesis. (b) To formulate a hypothesis,
write in terms of the dependent and independent variables.

In a hypothesis for an experiment:
e the ‘if’ part refers to the independent variable, which is the variable you alter
* the ‘then’ part relates to the dependent variable, which is the variable you
measure or observe.
A hypothesis does not need to include ‘if” and ‘then’ in its wording. For example,
the hypothesis in Figure 1.5.5 could also be worded in the following ways:
1 A magnet will take longer to fall through an aluminium tube than a piece of copper.
2 When dropped through an aluminium tube, a magnet will take longer to fall than
a piece of copper.
A good hypothesis can be tested to be true (verified or supported), or false
(falsified or refuted) by investigation.
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There are many benefits of hypotheses. The proposed relationship between variables
set out in a hypothesis gives guidance as to the experimental method that needs to
be adopted. A hypothesis may also suggest what variables to control for and what
other variables should be measured. It also guides our approach to analysing the
results, and can even suggest the limitations of the experimental method and how
it might be improved.

EVALUATING YOUR RESEARCH QUESTION

When a research question has been developed, it should be evaluated and refined
before progressing. Follow the prompts in the flow chart in Figure 1.5.6 to refine
and improve the research question.

Relevance
+ Does the question relate to an appropriate no Rethink and rewrite the question
topic in the syllabus? so it does relate to a topic and is
+ Does the question relate to a class practical? able to be investigated.

* Is it possible to investigate the research?

yes

Specificity
+ Are the independent and dependent variables
clearly stated?
Are variables worded so measurement can be
achieved?

+ State the variables clearly and

no explicitly.

* Include details of the variables so the
type of measurement/observation is

clear.
yes
. * Check the question is clear, has one
Answerability specific focus of investigation and is
Can the question be directly answered, not too broad.
verified or falsified? no + Check that the method you use tests
the question.
yes
Achievability * Rethink the breadth of the

guestion, making it more
specific so it can be
completed on time.

Identify the knowledge/skills
needed and upgrade if you feel
ill-prepared.

Avoid investigations that
need sophisticated or
unusual equipment.

If there are ethical issues,
consider how they can be
addressed.

» Timeframe: can the question be
answered in the allocated time?
Skills and knowledge: do you have
the knowledge and laboratory skills
to explore the question? no
Practicality: are resources and
laboratory equipment readily
available?

Safety and ethics: is the investigation
free of safety or ethical issues?

yes

Begin the student experiment.

FIGURE 1.5.6 Steps for refining and improving the research question
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Examples of research questions and hypotheses

The following examples demonstrate that the student experiment may be expressed
as either a hypothesis or a question to be investigated.

Research question: Is the relationship between magnetic force and the velocity of a
charged particle linear?

Hypothesis: The relationship between the velocity of a charged particle and the magnetic
force on it is linear.

Research question: Will increasing the launch angle of a projectile increase the flight time
of the projectile?

Hypothesis: Increasing the launch angle of a projectile will also increase the time the
projectile is in the air.

Research question: Does increasing the angle of a track allow cyclists to ride around a
bend at a higher maximum velocity?

Hypothesis: A track placed on an angle will allow a cyclist to ride faster around a bend
than on a flat track.

DEVELOPING THE RATIONALE

When you have decided on an experiment to modify, refine, extend or redirect, you
will need to create your own related research question. The rationale is where you
explain the scientific concepts appropriate to the research question.

Research relevant scientific information

The student experiment in the syllabus requires students to:

e research what is currently known about the relationship between the dependent
and independent variable

e create a methodology that allows sufficient, relevant data to be collected that
enables the research question to be answered

* manage the risks and issues associated with the experiment.

The ISMG for the student experiment (IA2) research and planning criterion
states that students are required to demonstrate:

e informed application to modify experimental methodologies demonstrated by

- a considered rationale for the experiment

- justified modifications to the methodology
» effective and efficient investigation demonstrated by

- a considered methodology that enables the collection of sufficient, relevant

data

- considered management of risks and ethical or environmental issues.

Furthermore, the syllabus expects background scientific information to be used
in a rationale for the experiment to:

« explicitly justify the modifications to the methodology (alterations to the class
practical)

* explain the how the methodology will enable the research question to be answered
through the collection of the data

¢ inform risk and identify how the risks associated with the experiment will be
mitigated through personal protective equipment or specific features of the
methodology.

The rationale is also expected to inform the interpretation of the evidence
(results) and conclusion.

There is a lot of information to record during a student experiment and it is best
to keep it all in a single document. Scientists always record their ideas, questions,
background research and literature reviews, methodology drafts and revisions,
results, refinements etc. in a single document called a scientific journal.
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Taking notes and recording your thoughts in the scientific journal keeps
a record of all information you collected during the process of the scientific
method (Figure 1.5.7). You never know how vital some information will become
throughout the process until it is complete and summarised into the scientific
report. Collected information could be used in a rationale for the experiment,
to explicitly justify the modifications to the methodology (alterations to the class
practical), to provide a reason for collecting data, to inform risk, ethical and
environmental management or in the interpretation of the evidence (results) and
conclusion.

112818
Apparatus set up for e/m movement
phosphor
coating
‘ | electrons go
| '__ through here
be careful
| /m\ these mite
v | l | —F—’/ high
a -

! Switch polarity? To do tomorrow!
| 1)RecordV, + calculate velocity
|2)Measure V, + calculate e}o(ic magnetic field, B

2 v v, B
1000 1100
2000 1100
3000 1200 f—_
4000 1200

\
I

Not enough variation!

Try new V_values!

FIGURE 1.5.7 A journal entry with the journal entry date, titles, apparatus used and preliminary data.
There will be numerous journal entries on any given date, and they should have their own titles. Also,
the same titles will appear on different entry dates as research continues on specific topics.

The purpose of researching background scientific information in the scientific
method is to develop understanding and knowledge. It must be relevant to the
independent and dependent variables in the research question. As the variables
become known, this will direct the research. The scientific method specifically
requires scientists to demonstrate understanding and knowledge of the direct, and
possibly indirect, relationship between the independent and dependent variables
and perhaps controlled or measured variables. The background research is essential
to achieve all this.



PLANNING AND REFINING METHODOLOGY

This section is a guide to some of the key steps that should be taken when planning
and refining an investigation.

Planning experiments

When you have formulated your research question, defined the variables, developed
knowledge and understanding of the relevant concepts and relationships, then you
will need to develop your experiment. You will also need to consider the ethical and
safety implications of the testing during the experiment.
Create a work schedule that outlines the time frame of your experiment
(including all trials and/or samples), being sure to include sufficient time to repeat
experiments if necessary. Check with your teacher that your protocol (methodology)
and schedule are appropriate, and that others will be able to repeat your experiment
exactly by following the methodology you have written. If you have planned well you
will be able to test your methodology and run trials. You need to be able to perform
your experiment independently, in the time available in the school laboratory, and
with minimal support from your teachers and school laboratory staff.
The methodology of your experiment is a specific step-by-step procedure,
although, when written in the final scientific report, it may be written in paragraph
form. You must ensure that the methodology is valid, specific, reliable and accurate.
All of these factors need to be considered when planning.
Validity
Validity refers to whether an experiment or investigation is in fact testing the set
research question or hypothesis. Is the experiment obtaining data that is relevant to
the question?
Factors influencing validity include:
¢ whether your experiment measures what it claims to measure; in other words,
your experiment should test your research question or hypothesis
* the certainty that something observed in your experiment was the result of your
experimental conditions and not some other cause that you did not consider; in
other words, whether the independent variable influenced the dependent variable
in the way you have concluded and was not influenced by other variables that
should have been kept constant

e the degree, or scope, to which your findings can be generalised to broader
physics phenomena from which your experiment is taken. In other words, how
does your experiment fit in to the big ideas in physics?

To ensure an investigation is valid, it should be designed so that only one variable
is being changed at a time. The remaining variables must remain constant so that
meaningful conclusions can be drawn about the relationship between variables.
Also, the raw data collected during the experiment must be appropriate to ensure
the data is valid. To ensure validity, carefully determine the:

* independent variable

e dependent variable

e controlled and/or measured variables

e appropriate raw data that will be collected (quantitative or qualitative), and that
it will be measured, collected or controlled appropriately.

Qualitative data is descriptive and cannot be measured. It uses descriptions or
adjectives to record observations.

Quantitative data is empirically measurable and uses instruments to record
observations as numbers with units and uncertainties. Qualitative and quantitative
data have further subsets in each category (Figure 1.5.8).
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Qualitative data: can be observed but not Quantitive data: can be measured.

measured. Height, mass, volume, temperature,
They can only be sorted into groups or intensity and time are all examples of
categories such as the colour of light or quantitative data.

shape of a magnetic field.

Nominal data Discrete data

Variables are categorical variables in which Variables can only take particular

the order is not important. values.

Example 1: the type of metal, type of Example 1: the number of springs

| apparatus | connected together

Example 2: the planets in our solar system Example 2: the energy levels in atoms
Ordinal data Continuous data

Variables are categorical variables in which Variables allow for any numerical

order is important and groups have an value within a given range.

obvious ranking or level.

Example 1: the measurement of
height, temperature, volume, mass

Example 1: the level of brightness

of light globes and intensity
Example 2: the apparent brightness of Example 2: time for cart to slide
stars as seen from Earth down a ramp

FIGURE 1.5.8 Qualitative and quantitative data

Measurement of temperature requires an instrument and provides quantitative
data for temperature. It is not appropriate to record qualitative data for temperature,
e.g. cold, warm or hot (Figure 1.5.9).
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FIGURE 1.5.9 (a) A wireless temperature sensor and (b) a liquid thermometer will measure
temperature empirically and provide quantitative data that can be analysed statistically. Processing
empirical data can produce discrete, explicit and comparative analysis. (c) Describing the heat
radiating from a heater is an example of qualitative data, based on personal observation. Qualitative
data cannot be statistically analysed.




Depending on the experiment, it may be appropriate to record a qualitative
observation (e.g. brightness of light), or a quantitative observation, such as voltage
(Figure 1.5.10).

Controls

You should control as many variables as possible so you can determine which
variable influenced the results and provide accurate and precise data.

It is difficult—sometimes impossible—to eliminate all variables that might
affect the outcome of an experiment. Such variables in physics include time of day,
temperature, amount of light, local gravity and magnetic field. A way to eliminate the
possibility that random factors affect the results and cause uncertainty is discussed in
Module 1.3. One way to overcome this is to use a second group within the experiment
(the control group) that is identical in every way to the first group (the experimental
group) except for the single experimental (independent) variable that is being tested.
This allows the examination of one variable at a time (the independent variable),
which is required to validly test a research question or hypothesis.

Reliability

Reliability refers to the notion that if the experiment is repeated many times, the

results obtained should be consistent. Reliability (repeatability) is the ability to

obtain the same results if an experiment is repeated (Figure 1.5.11). The closer

the results to the true value, the more reliable (and accurate) they are. Because a

single measurement or experimental result could be affected by errors, replication

of samples within an experiment and repeat trials are key components of reliability.

To improve reliability you should:

» specify the materials and methods in detail, including precision (Module 1.3)

* include several replicate samples within each experiment or several observations
within an investigation

* take repeat readings of each sample

¢ run the experiment or trial more than once.

Sample size is extremely important in scientific experiments. The sample size

affects the:

e representation of the phenomenon

e natural variation, errors and uncertainty

» results by offering more evidence to support the experimental results
* repeatability and therefore reliability.

The greater the sample size, the more reliable the data. Reasons why a

measurement or observation could vary include:
e natural variation
e random error
* uncalibrated instruments or instrumental error
¢ influence from unforeseen variables.
Accuracy and precision are also important in obtaining reliable (repeatable) data.

Sourcing appropriate equipment and materials

When planning an experiment you will need to decide on the materials, technology
and instrumentation that will be used to carry out your investigation. It is important
to find the right balance between items that are easily accessible and those that will
give accurate and precise results. When conducting your investigation, the precision
of the chosen instrumentation and how this affects the accuracy and validity of the
results will have to be recorded in the journal and discussed in the scientific report.

FIGURE 1.5.10 (a) When recording qualitative
data, describe in detail how each variable will be
defined. For example, if recording the brightness
of light globes, photographs are a good way

of clearly defining what each assigned term
represents. (b) This multimeter is measuring an
AC voltage of 0.4 volts. This is an example of a
continuous variable that is quantitative data.

FIGURE 1.5.11 If you can reproduce your
results, they are reliable.
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ELECTRONIC DATA ACQUISITION IN SCHOOLS

Data collection has come a long way in the past 20 years. Historically, discrete
measurements were recorded from manual tools and human readings over short
periods of time. Now, the ability to connect independent sensors to any device
has enabled simple and highly effective electronic data acquisition over extensive
periods of time, anywhere.

Data acquisition can be achieved by using sensors, or probes, and recording
data to a standalone device, computer, tablet (Figure 1.5.12) or even a phone. The
software will generally graph the data and perform the uncertainty propagation
automatically. This specialised software allows for many analysis functions not
found in standard spreadsheets.

FIGURE 1.5.12 Data acquisition software produces real-time graphs that can be downloaded or
printed.

Many smart watches and apps in phones include digital sensors (Figure 1.5.13)
that can be accessed and used for some class practicals and experiments. The video
camera of a phone or tablet is also an excellent means of capturing data, particularly
for investigations in kinematics and dynamics. With the many different probes
available, there are many applications.

FIGURE 1.5.13 Many smart watches and phones have digital sensors and in-built data loggers.




Electronic data acquisition and data logging

Electronic data acquisition takes advantage of highly accurate sensors to collect
data and send it directly to a computing device. There are many sensors, probes
and instruments available that can measure a vast variety of phenomena in a single
device (Figure 1.5.14a).

You will need to decide which quantities are the independent and dependent variables.
Usually, the independent variable is time, and the dependent variable can be set to be
almost anything that the attached probe can measure (Figure 1.5.14b).

In physics, probes can measure temperature, distance, velocity, acceleration,
force, magnetic field strength, current, voltage, brightness of light and many more
physical quantities. A common probe (the motion detector) measures the movement
of an object by detecting tiny variations in the pressure of air (Figure 1.5.14c¢).
Video provides an excellent means of investigating high-speed movement in more
than one dimension, as do accelerometers

Most probes give immediate results that can be displayed on the screen or in the
device itself (Figure 1.5.14d). Video can be linked directly for synchronising with
data or used separately and then be imported into suitable software after the event
for detailed analysis.

FIGURE 1.5.14 (a) Sensors connected to computing devices such as phones and tablets are readily
used in the field. This one is being used to measure the periodic nature in the movement of a
playground swing. (b) Many different probes and sensors can attach to a single device, such as in the
use of accelerometers and angle sensors to measure the lift of a bar. (c) Probes can be very precise
and measure multiple times per second, such as the frequency and amplitude of air vibrations

in sound to record motion. (d) They are usually easy to use and produce results immediately, for
example, providing the temperature of skin on contact.

Recording is done accurately and can be continuous or manual. The
measurements are saved electronically and then accessed via a computer or directly
from the tablet screen.

The rate at which measurements are recorded is called the sample rate. This can

1
be from as short as
100000

selected will depend on the needs of the operator. Note that the higher the sample rate,
the more data will be recorded and the larger the file size.

of a second through to once an hour. The data capture rate
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Uses of electronic data acquisition

Electronic data acquisition has many uses. Sensors and probes can monitor the
temperature of ice-cream being transported from a factory to the supermarket. They
are used to record the speed, engine conditions and brake force of trains, buses and
trucks. An engine-control unit in a car will record data from parts of the engine, and
the mechanic can access these data when servicing the car, or on a console on the
steering wheel (Figure 1.5.15). Control units are also used for diagnostic testing of
equipment in aeroplanes, commercial air-conditioners and office equipment, such
as photocopiers, and in vehicles to provide data on speed and engine operation.

A -

FIGURE 1.5.15 Data acquisition is used throughout many industries. It provides informative feedback
to manufacturers during the assembly of vehicles and many devices (especially electronics) for quality
control and assurance.

RISK ASSESSMENT

When planning for an experiment or investigation in the laboratory or outside in
the field, it is important for your safety and the safety of others that you consider
the potential risks.

Everything you do has some risk involved. A risk assessment is performed to
identify, assess and control hazards. A risk assessment should be performed for any
situation that could cause harm to people, property or animals. Always identify the
risks and control them to keep everyone safe. To identify risks, think about:

* the activity you will be carrying out

e where in the environment you will be working; for example, in a laboratory, the
school grounds, or a natural environment

* how you will use any equipment or chemicals that you will be handling, including
sources of heat, radiation and electricity (Figure 1.5.16)

* what clothing you should wear, such as a lab coat and goggles.

The following hierarchy of risk controls is shown in Figure 1.5.17. It is organised
from the most effective to least effective. The most commonly used risk control
measure that addresses most risks is personal protective equipment (PPE). The

FIGURE 1.5.16 When planning an investigation least common, but most protective, control measure is eliminating all risk from the
you need to identify, assess and control hazards.  gcientific investigation.
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elimination Eliminate dangerous equipment, procedures and substances.

Substitute different equipment, procedures or substances that
will achieve the same result, but which have less risk.

substitution

) ) Isolate the person and the hazard. Examples include physical
isolation barriers such as guards in machines, or fume hoods to work with
volatile substances.

Administrative controls can provide guidelines, procedures,

administrative controls ———» ! ¢ i
warning signs and safe behaviours.

Personal protective equipment (PPE) includes safety glasses,
personal protective ——| lab coats, gloves and respirators etc., which should be provided
equipment to all participants where appropriate.

FIGURE 1.5.17 The hierarchy for risk control is shown in this pyramid, marked from bottom to top in
order of increasing importance.

Personal protective equipment

Everyone who works in a laboratory wears PPE to help keep them safe, such as:

» safety glasses

¢ shoes with covered tops

» disposable gloves when handling certain chemicals

* adisposable apron or a lab coat if there is risk of damage to clothing.
Examples of PPE are shown in Figure 1.5.18.

Chemical codes

The chemicals at school or at a hardware shop have a warning symbol on the label.
These are chemical (HAZCHEM) codes. Some common pictogram codes and
their meanings are shown in Table 1.5.3.

FIGURE 1.5.18 Examples of PPE shown are
protective eyewear, lab coats and gloves.

TABLE 1.5.3 Common HAZCHEM codes and their meanings

Symbol

Meaning

Corrosive: can dissolve or ~ Poison: can cause injury Irritant: can cause Flammable Danger: The hazard can
eat away at substances, or death if ingested, discomfort, pain or include biological harm; for
including tissues such as  inhaled or absorbed itchiness example, cancer, allergy,
your skin or airways breathing difficulties etc.
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Safety data sheets
Each chemical substance has an accompanying document called a Safety Data Sheet
(SDS) (Figure 1.5.19).The SDS contains important safety and first aid information
about each chemical. If the products of a reaction are toxic to the environment, you
must pour your waste into a special container (not down the sink).

The SDS provides employers, workers and health and safety representatives
with the necessary information to safely manage the risk of hazardous substance
exposure.

Safety Data Sheet
.AIR LIQUIDE NITROGEN, REFRIGERATED LIQUID (N2)

A Date of first issue: 30/07/2010 Revised date: 20/12/2016 Supersedes: 01/03/2013 Version: 6.0
SDS reference: ALB13

Warning
[ SECTION 1: Identification of the substance/mixture and of the company/undertaking |

11.  Productidentifier
Trade name . Nitrogen (refrigerated)
SDS no : AL613
Chemical description : Nitrogen (refrigerated)

CAS No : 7727-37-9

EC no : 231-783-9

EC index no : —
Registration-No. : Listed in Annex IV / V REACH, exempted from registration.
Chemical formula : N2

Relevant identified uses : Industrial and professional. Perform risk assessment prior to use.
Test gas/Calibration gas.
Purge gas, diluting gas, inerting gas.
Purging.
Laboratory use.
Use for manufacture of electronic/photovoltaic components.
Shield gas for welding processes.
Contact supplier for more information on uses.

FIGURE 1.5.19 An example of part of an SDS for liquid nitrogen showing the pictogram for a
compressed gas to alert the reader to any potential hazards when using the substance. The SDS also
includes measures to reduce risk of harm.
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Ethical considerations

When planning an investigation, researchers should always identify all possible
ethical issues and, if necessary, consider ways to mitigate them. Ethics is a set
of moral principles by which your actions can be judged as right or wrong. Every
society or group of people has its own principles or rules of conduct. Scientists
have to obtain approval from an ethics committee and follow ethical guidelines
when conducting research that involves animals including, and especially, humans.
Ethical issues might include the following:
¢ Can this affect wider society?
e Does one party benefit over another; for example, an individual, a group of
individuals or a community?
e Is there a risk of harm (physical or mental) to people involved in the research?
¢ Does it prevent people from gaining their basic needs?
¢ Can this impact on future ethical decisions or issues?
¢ Does the research cause damage to the environment or other living things?
In reality, school physics investigations generally will have minor ethical issues, if
any, but these should be considered in your planning.

Refining the methodology

As the planning of the methodology is not linear, refinement will occur several
times, due to further background research, refining the research question or as
understanding of the variables develops. Scientists often employ an experimental
methodology that has been refined numerous times over several years.

O It is common for experimentation and testing not to occur according to plan. It is
vital that comprehensive background research has been undertaken. Refinements
are often made during experimentation to improve validity and reliability. This
may be due to time constraints, instrumental limitations or resource limitation.
Refinements also reduce error and uncertainty as the experimenter becomes
aware of these problems.

Record all refinements in the journal. The following may help with refining the
methodology.
¢ Record everything.

* Be prepared to make changes and refinements to the plan and methodology.

¢ Note any difficulties encountered and the ways they were overcome. What
were the failures and successes? Every test carried out can contribute to the
understanding of the investigation as a whole, no matter how much of a disaster
it may first appear.

Figure 1.5.20 on page e78 shows a student journal demonstrating basic
developments and refinements in their methodology.

If the expected data is not obtained, don’t worry. As long as it can be critically
and objectively evaluated, and the limitations of the investigation can be identified
and further investigations proposed, the work is worthwhile. Sometimes a different
point of view, such as from a fellow student or a teacher, is all that is needed to
find a solution. An evaluation and suggested improvement to the methodology
or experiment is required in the scientific report. This is discussed further in
Module 1.8.
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FIGURE 1.5.20 Demonstrating the alteration and refinement of a class practical into an experiment
written in a student’s journal. (a) The observations made during the class practical. (b) The recordings
of ideas and possible alterations to the class practical form the student’s development of an
experiment. (c) The refinement of the student’s idea for the experiment. The refinement was based on
research.
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1.5 Review

SUMMARY

An independent variable is a variable that is

controlled by the researcher.

A dependent variable is a variable that may change

in response to a change in the independent variable,

and is measured or observed.

Controlled variables are the variables that are kept

constant during the investigation.

Measured variables are the variables in an open

system that cannot be controlled and therefore must

be measured.

Research questions should:

- include measurable variables (the independent
and dependent variable)

- have a guiding word, such as who, what, why or will

- be phrased so that a definitive answer can be
developed

- be able to link the guiding word to command
verbs (such as identify, describe, compare, contrast,
distinguish, analyse, evaluate or create) so that a
task can be determined.

A simple way to formulate a hypothesis is to link

the independent and dependent variables using the

following sentence structure:

- If (independent variable) happens, then
(dependent variable) will happen.

A scientific journal is a document scientists use

to record all their ideas, questions, background

research and literature reviews, methodology drafts

and revisions, results and refinements related to an

experiment.

KEY QUESTIONS

Retrieval

1

a State the meaning of the term ‘variable’.
b Define the following types of variable:

+ independent variable
+ controlled variable
+ dependent variable.

Validity refers to whether an experiment or
investigation is in fact testing the set research
question or hypothesis.

Data can either be qualitative or quantitative.

Qualitative data is descriptive and unmeasurable
and uses descriptions or adjectives to record
observations.

Qualitative data can be characterised as either:
- nominal, when the order of data is not important
- ordinal, when the order of data is important.

Quantitative data is empirically measurable and
uses instruments to record observations.

Quantitative data can be characterised as either:

- discrete, when data can only be recorded as
particular numerical values

- continuous, when data is not restricted to
particular numerical values, but occurs within a
given range.

Reliability refers to the notion that if the experiment

is repeated many times, the results obtained should

be consistent.

Reliability is improved by:

- replication, having multiple samples within an
experiment

- repeat trials, repeating the experimental test.

Risk assessments identify, assess and control

hazards.

HAZCHEM pictograms are warning images used to

identify hazardous substances.

Comprehension

2

Represent each of the three inferences below as a

hypothesis that could be tested using a motor in an

experiment.

a The motor rotates at a higher rate when there is
more current passing through it.

b The motor does not move when there is no current
passing through it.

¢ No motion is seen when the voltage applied to the
motor is less than 4.0 V.
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1.5 Review continued

Write a research question for each of the following

observations.

a Silk is much better than wool at charging a perspex
rod.

b The acceleration of electrons in a magnetic field is
higher than that of protons.

¢ The Hubble Space Telescope can only be seen once
per week from a given location.

Explain the difference between quantitative and
qualitative data.

Identify which of the following pieces of information
about a sheet of aluminium foil are qualitative, and
which are quantitative. Place a tick in the appropriate
column.

Information Qualitative Quantitative

shiny appearance

has a work function of
4.1eV

will conduct electricity

will conduct thermal
energy

is ductile

surface area of 100 cm?

metallic smell

has a resistivity of
27 nQm

Identify the independent, dependent and controlled
variables that would be needed to investigate each of
the following research questions.

a Will an increase in temperature result in an increase

in the rate of heat loss in a transformer?

7

8

b Will increasing the radius of a planet increase its
acceleration due to gravity?

¢ Will the intensity of the diffracted light be reduced if
the slit through which the light passes is narrowed?

d Will the deflection angle of electrons increase if the
intensity of the external magnetic field is increased?

In a practical investigation, Abby measures the voltage

output from a generator by increasing the number of

turns of wire around the armature.

a Explain how the output voltage could be a discrete
value.

b Explain how the output voltage could be continuous.

Explain the reasons for having an SDS for each
chemical used in the laboratory.

Describe the appropriate action to take if you came
into contact with a chemical substance with the
following label on the container.

Analysis
10 Evaluate which is the best research question from the

three options below. Explain your choice.

A Will a higher atomic number of a singly-ionised
atom cause a smaller deflection angle when fired
perpendicularly at the same velocity into a constant
external magnetic field?

B Will shiny metals produce more photoelectrons in
the photoelectric effect than dull metals?

C Will the diffraction pattern of green laser light
become clearer when a narrower slit is used?
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1.6 Conducting an experiment

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» determine what relevant data is needed to test a research question

» determine what is considered to be sufficient data to test a research
question

» select appropriate equipment to collect relevant and sufficient data.

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Once you have defined the variables and planned the methodology, you can conduct
the experiment. Experiments rarely run according to plan.

CONDUCTING THE EXPERIMENT

While conducting the experiment, you must control the variables and maintain the
conditions to ensure the measured or recorded raw data is valid and reliable. Others
must be able to repeat your experiment under the same conditions, therefore all
variables must be measured.

The precision of the instruments used to measure and record data is important.
It determines the significant figures when analysing the data, and may affect the
accuracy of your experimental results. The more precise the instrument, the more
accurate the measurements and the more reliable your data will be.

Possible considerations when conducting an
experiment

Depending on what the student experiment is testing, there are several aspects of
the experiment that should be included in the planning. These include:

e equipment

e instruments

¢ safety precautions

e time (preparation, testing)

¢ complexity of testing

* sequential order of activities to complete the testing.
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Equipment

The choice of equipment and instrumentation will influence the reliability of the
experiment. It is recommended, where possible, to use precision equipment rather
than human means to conduct experiments (Table 1.6.1).

TABLE 1.6.1 Examples of rudimentary versus improved experimental testing

Rudimentary set-up Improved set-up

Measuring the period of a pendulum by Measuring the period of a pendulum by
stopwatch motion sensor

Estimating the temperature of a liquid by Measurung the temperature using a digital
touch thermometer (sensor) with known precision
and uncertainty

Safety precautions

Always use safe procedures and common sense. For example, all equipment and
instruments should be used at the back of the bench so students walking by do not
cause an accident. Place a sign on the lab bench warning other students and staff
not to touch the equipment.

You must follow your school’s and teacher’s safety and risk assessment guidelines.
Completing the risk assessment may require completing a form or completing an
online process.

When conducting the experiment, it is recommended that you use the most
precise instruments available. With higher precision instruments there is less chance
of error and lower uncertainty in the measurement. Table 1.6.2 demonstrates the
benefits of greater precision instruments through lower uncertainty.

COLLECT SUFFICIENT AND RELEVANT DATA

The data that you collect must relate directly to the variables in your experiment.
The data collected and measured must be relevant to the proposed relationship in
the research question or hypothesis. Also it must be sufficient to provide accuracy
and precision, or the analysis and interpretation of the data will not be reliable or
valid in relation to the research question or hypothesis.



TABLE 1.6.2 The difference in precision between instruments

Lower precision instruments

ks Is

N
o

|

e
o

Glass thermometer with a Measuring beaker with a A metal ruler with a precison of 1 mm
precision of £2.5°C precision of £5mL

Higher precision instruments

.
e
o

ittt

Digital infrared thermometer Measuring cylinder with a A micrometer with a precision of 0.005 mm
with a precision of £0.1°C precision of +0.25 mL

Collection of sufficient data

The term ‘sufficient’ is defined in the syllabus as ‘enough or adequate for the purpose’.

You need to collect enough data to substantiate whether or not a relationship
exists between the variables. This includes collecting an appropriate number of
replicates and also an appropriate number of individual samples (also known
as observational or collection points). It is also important to collect data around
interesting points in your range, such as where the curve reaches a maximum or
minimum point (Figure 1.4.3 on page e42).

Together, the number of replicates and individual samples determine the sample
size. This is vital to achieving and determining a valid interpretation of the data.
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Table 1.6.3 shows examples of various sample sizes and the effect on the results
of the experiment. The results are from an experiment into the effect of how distance
between two charges affects the force between them.

Collection of relevant data

The variables to be measured or collected must be directly related to the proposed
independent—dependent variable relationship. Additional variables can be measured
or collected that are indirectly related to the hypothesised relationship if the
background research shows it could be beneficial in the analysis or interpretation
of the relationship. If you do not have any background research relating a variable
to the research question, then it is not relevant, and therefore is not to be measured.

TABLE 1.6.3 Examples of sample size and their effect on the results of an experiment

Examples of analysed data Effect of sample size on analysis

A line graph with two sample points With only two individual sample points,
this graph suggests an inappropriate linear
relationship for the force acting between
two charges as the distance between them

Force between two charges as
distance between them increases

250.004 increases. (Note: with a graph of only two
data points, any function—linear or curved—
could match the data.

200.00
% 150.00
g
S
Y- 100.00
50.00
T T T T T
020 040 0.60 0.80 1.00
Distance between charges (m)
Line graph with three sample points and an uneven scale The scale on the horizontal axis is not evenly
spread, which distorts the shape of the
Force between two charges as graph.
distance between them increases These results suggest an incorrect
250.00-] relationship for the force acting between
two charges as the distance between
them increases.
200.00+

% 150.00+

S

£ 100.00-

50.00

0.20 0.30 0.90
Distance between charges (m)
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Examples of analysed data

Line graph showing limited sample points and an uneven scale

Force between two charges as
distance between them increases

\

0. 30 0. 40
D|stance between charges (m)

250.00

200.00

150.00

Force (nN)

100.00

50.00

Scatter graph with appropriate number and distribution of sample points

Force between two charges as
distance between them increases

L

020 040 060 080
Distance between charges (m)

250.00

200.00

150.00

Force (nN)

100.00

50.00

Line graph based on data that had no replicates

Force between two charges as
distance between them increases

e

0.20

250.00

200.00

150.00

Force (nN)

100.00

50.00 4

0.30 040 050 060 070

Distance between charges (m)

0.80 0.90

CHAPTER 1

Effect of sample size on analysis

The chosen number of individual sample
points is insufficient, because the true
relationship is not fully displayed. The next
example of displayed results provides more
validity for the relationship.

The number of individual sample points
here best demonstrates the relationship
between the variables. Note that a scatter
plot has been used rather than a line graph.
This graph shows how a larger sample size
indicates a correct relationship between
variables.

These results are due to only a single
measurement for each individual sample
point. In this example, the measurements for
distances greater than 0.70m are incorrect.
These results suggest an incorrect
relationship between the variables.
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1.6 Review

SUMMARY

» The choice of equipment and instruments will
influence the reliability of the experiment.

» The precision of equipment and instruments is

important for accuracy and reliability.

KEY QUESTIONS

Retrieval

equipment and instruments to conduct experiments.

Comprehension
2 Explain how the precision of equipment can affect

scientific conclusions.

The data collected and measured must be relevant
to the proposed relationship in the research question.

Equipment used during an experiment should

enable you to collect and measure relevant data to

address the research question.

Analysis

3 Clancey recorded the data below to test the following
null hypothesis: The length of the wire wound around

a solenoid affects the magnetic field inside the
solenoid. Assess on whether or not sufficient and
relevant data was collected.

Length of | Thickness Current Length of | Diameter Type of Magnetic field | Brand of
wire (m) of the wire | through the | solenoid | of solenoid | wire inside the wire
(mm) wire (A) (cm) (cm) solenoid (uT)

0.50 0.31 0.02 12 34 copper 40.0 Ruby and
Macey’s
House of
Wire

1.00 0.31 0.02 12 34 copper 20.0 P&L

1.50 0.31 0.02 12 34 copper 133 P&L

1
1
1
1
1
1
1
1
1
1
1
i 1 State why it is important to choose appropriate
1
1
1
1
1
1
1
1
1
1
1
1
1
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1.7 Results

» analyse raw data to produce processed data
» interpret data to draw valid conclusions.

All measurements and observations made during the experiment must be recorded
in your journal. This is the raw data. Choosing not to record certain measurements
or observations (raw data) is invalid, shows bias and is scientifically fraudulent.
Unusual and unexpected measurements and observations may be due to valid
relationships between variables that are unknown to the scientist. This cannot be
determined until the raw data is processed, analysed and interpreted.

The results, after analysis, need to show whether or not a relationship exists
between the variables in the research question. To achieve this, they need to be
presented appropriately. Being able to present results appropriately is dependent
on appropriate measurement, observation and recordings (e.g. quantitative or
qualitative). Make sure this is planned before the experiment is conducted.

The raw data needs to be analysed and then represented using tables, graphs,
schematics or diagrams with correct mathematical and scientific conventions. Refer
to Module 1.4 for specific guidance on producing quality and appropriate graphs
and to Module 1.8 for details regarding representing results.

IDENTIFYING ERRORS

Most practical investigations have errors, or uncertainties, associated with them
(Figure 1.7.1).

ANALYSING

Analysing the raw data enables processing in numerous ways to search for
relationships between variables, trends or patterns in the data, uncertainties and
mistakes, outliers and results of significance. This will produce processed data.

Data can be presented in a number of ways, such as in tables, graphs, flow
charts and diagrams. The best way to visualise the data depends on its nature. More
information on these different formats is provided in Module 1.8.

In this module, you will learn how to discuss your investigation and draw
evidence-based conclusions in relation to your research question. When analysing
data, it is important not to select processes that demonstrate what you want to see.
Bias will result from using analysis tools (e.g. statistics) inappropriately and will lead
to invalid conclusions and academic fraud. Quality scientific analysis processes the
raw data as it is and is open to any result.
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Systematic errors
(produces a bias)

Y

Random errors Mlstakes
(avoidable errors)

Y

Y

Systematic errors include:

+ a digital thermometer that
measures 0.4°C higher
each measurement

* a weight used throughout
an experiment that is
labelled 1 kg but is actually
0.9 kg

Random errors include:

« error in estimating the
position of a needle
between divisions on a
scale

* pH fluctuations during
the measurement of
temperature

Mistakes include:

* a balance that has not
been calibrated; for
example, to weigh an
amount of salt

* misreading the numbers
on ascale

* not labelling a sample
adequately

* not recording the result of
the experiment when it
was measured

+ spilling a portion of a
sample

* reading the scaleon a
burette with a constant
parallax error

Resulting error is in the
same direction for every
measurement and will
either be too high or too
low as a result. These lead
to bias.

Random errors follow no
regular pattern. The
measurement is sometimes
too large and sometimes too
small.

Reject mistakes. Do not
include in any calculations
or averages with other
measurements.

Mistakes are not errors.

Y

Y

Y

Reduce systematic errors by
calibrating equipment to
increase the accuracy of any
measurements (e.g. pH
meters and weighing
balances). To increase
precision, take a greater
number of measurements
for each quantity and take
an average. Pipettes, burettes
and volumetric flasks have
greater precision than using
a beaker to measure volumes
of liquids. When using a
pipette and/or volumetric
flask, ensure that you look at
the bottom of the meniscus
on the calibration line. To
avoid parallax error, ensure
that you take measurements
at eye level, as shown in

Worked example 1.5.4.

Reduce random errors by
taking multiple
measurements of the same
quantity, then calculating an
average.

For example, multiple
stopwatches are used to
measure time for reaction
rates.

Reduce mistakes by
concentrating and being
very careful when taking
measurements.

If unsure of a measurement,
check it by repeating it.

FIGURE 1.7.1 Types of errors that can be made in an experiment
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Analysing precision

Understanding uncertainty and precision is vital in any analysis of data. In physics
there is always variation in measurements or recordings. In your experiment, you
should determine whether the variation is caused by systematic or random errors;
in other words, how much variation is due to instrumentation and how much is due
to nature.

The precision and uncertainty of the instruments must always be displayed as a
range of data next to the results (e.g. measurement +A measurement). See Module
1.3 for more explanation. If calculations are performed with the results, then the
appropriate calculations must also be done with the uncertainties. When the total
uncertainty is known, then it can be established whether variation in the data is due
to the instrument or the variables being tested.

If the measurements between trials fall within the uncertainty range of the
instrument, then the variation in results could simply be due to the instrument. If
the difference between the measured results is greater than the uncertainty range,
then the variation in the results is not due to the instrument and must therefore be
due to other variables.

Table 1.7.1 shows the mean value of the acceleration due to Earth’s gravity (g)
at six different locations along the coast of Queensland. The absolute uncertainty in
the mean is calculated using the methods outlined in Module 1.3.The value of the
absolute uncertainty in the mean is £0.004 ms™, but as the individual uncertainties
are larger than this value, the uncertainty in the mean is taken as +0.005 ms .
There seems to be a pattern that the more northerly the location is, the lower the
value of g at that location. But, since the uncertainty of +0.005 m s~ covers the
value of g at all of the locations except Cape York, the inference cannot be fully
supported by the data.

This data suggests that the instrument used to measure g needs to be of a higher
precision (i.e. lower uncertainty) so that the differences between the measured
values of g and their respective uncertainties do not overlap. If the methodology
controlled the extraneous variables appropriately and nothing unforeseen influenced
the results, then you can interpret the difference between the values of g at those
locations to be due to physical reasons related to the experiment.

It is important to understand the accuracy and precision of the instruments, as
it affects the interpretation of the results. There are a few ways to analyse precision,
including:

e instrumental uncertainty, which displays the precision of the instrument and
explains instrumental variation in the measured results

e range, which outlines the difference between the smallest and largest
measurements

* tendency (e.g. mean), which is the potential variation in instrumental
measurements due to the instrument’s design or increments.

Analysing validity and theoretical relationships

Process the results and data to look for trends, patterns or differences. The
processes for analysing data include statistical calculations to determine the true
values, uncertainties, errors and significance of the measurements. Once the quality
of the data is understood, then the validity can be analysed in relation to established
theoretical concepts.

Analysis can also find anomalies and outliers in data that are not valid
measurements. During the experiment, your record of observations may provide a
reason for any outlier in your data. This can then be used to suggest improvements
in the methodology to remove such measurements.

TABLE 1.7.1 The values (and their uncertainties)
of the acceleration due to Earth’s gravity
measured at several locations along the coast of

Queensland

Sea level
locations along
the Queensland
coast

Gold Coast

Whitsunday
Islands

Cairns

Cape York
Weipa
Fraser Island

mean

Value of g (m s ™)

9.790 £ 0.005
9.788 £ 0.005

9.785 £ 0.005
9.783 £ 0.005
9.785 £ 0.005
9.790 £ 0.005
9.787 + 0.005
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INTERPRETING

When the results have been processed and analysed, you should offer explanations
of what occurred and why it occurred. Processing and analysing data is the
manipulation of the numbers or observations to understand and ascertain true
values, uncertainties, anomalies and relationships. Interpreting the results involves
placing this understanding into words and providing an in-depth explanation of
the meaning of the numbers in terms of the variables. Interpretation is writing an
explanation of the results.

Interpretations should never provide an explanation beyond the constraints of
the experimentation and methodology. Interpretations are not meant to provide all
the answers or comprehensive explanations for everything related to an experiment.
Interpretations are only valid and reliable if they are based on what was measured. It
is important to note that science can never measure the true value of a phenomenon,
so the interpretation is always an inference. The interpretation of results in the
scientific report should always be concise.

It is important to interpret the measured results and not the planned or expected
results.

e If the results follow expectations, then this research can be used to interpret the
theoretical reasons for the measured results. However, ensure the interpretation
stays within the limits of the uncertainties and instrumental precision.

¢ When the results do not follow expectations, interpret them as such. The results
still need to be related to theory, and so further research may be required to
explain the results. This is where recording observations during the experiment
in the journal becomes invaluable. When the results do not occur as expected,
the observations provide a clue or a basis for what concepts or relationships need
more research. Further research will provide the theory to offer plausibility (infer
a reason) for the results. If the results are not as expected, it is important that
statistical analysis is used to establish that the results did not follow expectations,
rather than just stating because it ‘looks’ like it.

When the interpretation is complete in your journal, write the scientific report,
summarising the scientific work and methods used in the experiment.



1.7 Review

SUMMARY

» Raw data includes the measurements and + |If the measurements between samples or tests fall
observations made during an experiment. within the uncertainty range of the instrument, then

« Processed data is derived from processing and the variation in results could simply be due to the
manipulating raw data. instrument.

+ Processed data enables trends, patterns and + Interpretations of data attempts to explain the
differences to be identified. observed results.

KEY QUESTIONS

E 1 Recall the two types of data. support the hypothesis. In your answer, comment on

Retrieval Their results are shown below. Deduce if the results
2 Define ‘systematic error’, the two means and the range of the uncertainties.
3 Define ‘random error’. Trial number Earth’s magnetic Earth’s magnetic
C h . field outside the field inside the
omprehension copper box (uT) copper box (uT)

4 Explain the difference between processing data and

interpreting data. 1 5145 50+5
Analysis 2 52+5 51+5
5 lzzy and Holly want to test the shielding strength of 3 49+ 5 54 +5

copper by comparing the strength of Earth’s magnetic

OPper by comparing gt | S magneti 4 54+5 49+5

field inside and outside a copper box. Their hypothesis

is as follows: 5 48+5 49+5

A coppgr bpx offers some shielding :[O Earth s. . 6 5045 49+ 5

magnetic field, so the value of Earth’s magnetic field

inside the box should be lower than the value outside Mean 51+5 50+5

the box.
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0 Your journal should contain
all the information required to
complete the scientific report
for the student experiment.
After all, it is a report, and
reports summarise research
and information gathered on
a topic. The scientific report
does not require much time to
complete when reporting from a
comprehensive journal.

1.8 Communicating and writing
a scientific report

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» identify and explain the sections of a scientific report
» write a scientific report.

To write a scientific report, you need to follow some general conventions. Even
though there are many ways to present a report, the report must follow a scientific
genre and meet the requirements of the syllabus. This section will provide a guide to
writing an appropriate scientific report.

SCIENTIFIC WRITING AND LITERACY

The scientific language and terms used by scientists have specific meanings and
may differ from the understanding of the term in common language. This allows
a common understanding of words, in all languages, to convey specific scientific
meaning.

Table 1.8.1 provides some examples of the differences in the understanding of
words in common language and in scientific language.

TABLE 1.8.1 Comparison of common and scientific language

Common language meaning Scientific language meaning Difference in meaning

Sample

A representative part or a single

The specifically chosen physical Very similar: the scientific term is specific

Results

Significance

Correlation

item from a larger whole or group
especially when presented for
inspection or shown as evidence of
quality

To proceed or arise as a
consequence, effect, or conclusion;
to have an issue or result

Something that is conveyed as

a meaning often obscurely or
indirectly; the quality of conveying
or implying; the quality of being
important

The state or relation of being
correlated; specifically a relation
existing between phenomena or
things or between mathematical
or statistical variables that tend
to vary, be associated, or occur
together in a way not expected on
the basis of chance alone

PHYSICS 12 | UNITS3AND 4

representative of a phenomenon
that was tested, measured or
observed during experimentation
or an investigation

The recorded evidence of the
sample during experimentation or
observation

Important; of consequence;
expressing a meaning; indicative;
includes all that is important;
sufficiently great or important to
be worthy of attention; noteworthy;
having a particular meaning;
indicative of something

A relationship existing between
phenomena on the foundation of
statistical or processed analysis

to a controlled or measured phenomenon.
The quality is not known until after analysis,
though inspection is carried out through
testing. In common language it can be used
generically, whereas in scientific language it is
specific to the independent variable.

Very similar: the scientific term requires
measurement or explicit recording of the
observed consequence or effect arising from
the independent variable.

Similar: the scientific term refers to the quality
of being important. To establish importance,
statistical analysis has to have been
conducted to achieve the meaning, or indicate
sufficient difference, or worth, and to indicate
a particular meaning.

Almost identical: the scientific term refers to
when data processing or statistics has been
applied to the common term. As such the
strength of the correlation can be predicted or
assumed.



Ensure that your report is written using agreed scientific language and

conventions.

¢ introduction e analysis and interpretation
e summary of altered methodology e evaluation and conclusion
e results * suggested improvements

Writing fluently and concisely

The report should be brief and comprehensive, so only use the words required
to communicate your information. A concise report avoids repetition and remains
within the required word count or length. Use scientific language so you can
communicate details and knowledge in fewer words. Table 1.8.2 demonstrates
communication of the same concept in a few different ways. Fluent and concise
wording should cut the word count of the report and improve the quality of the
writing.

TABLE 1.8.2 Communicating concepts in various ways

Outline A proton is made up of three
the basic even-smaller particles.
structure of a

proton.

Protons are small particles
that are made up of even

tinier particles. These tinier
particles are called quarks, and
neutrons, also in the nucleus
of an atom, are also made up
of them.

Protons are known as hadrons,
which is a class of subatomic
particles that are comprised of
three quarks. In every proton,
two up quarks are joined to

This is fluent and concise, however it
lacks scientific terms or language to
convey in-depth understanding.

This is fluent but not concise. There
is repetition (e.g. ‘tiny’ and ‘small’
have the same meaning, and ‘made
up’ is stated twice). It also uses many
words without using scientific terms
to provide detail and understanding.
It may also be confusing as it lacks
structure.

This may be useful language in the
journal when learning about a topic,
but not in the scientific report.

This is fluent and concise. Much in-
depth understanding is communicated
through scientific terms that enable
information to be conveyed in fewer
words.

a down quark via the strong
nuclear force mediated by
another particle called the
gluon.

Writing in a scientific genre

The genres or styles of scientific communication include a scientific report, a
literature review, an empirical essay and a poster presentation. This section will
focus on scientific reports. A report is a document that communicates a summary
of information, focusing on the main points of interest. It uses headings, sections,
tables and graphs to present information. A scientific report follows scientific
conventions, including format and language.

Reporting

Headings are an essential feature of a scientific report. International conventions
for scientific report writing are specific to the journal publication. There is no single
convention for scientific report writing. Table 1.8.3 lists headings that are commonly
used in scientific reports and describes the information that would be provided
under each heading. Sections can be broken down further into subsections, as
shown. As can be seen, some subheadings are suitable for more than one section;
however, each scientific report will only use each heading and subheading once. It is
best to ask your teacher about which headings are preferred, and how to align your
scientific report and its headings to the syllabus.
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Scientific report section title

title

abstract

introduction

method

» sampling technique
» preparation

» experiment

results

* raw data
 analysis

« statistical analysis
* interpretation

conclusion

+ analysis

* interpretation
« discussion

* evaluation

references

TABLE 1.8.3 Scientific report sections and appropriate titles and information

n/a

n/a

background information
background research
literature review

procedure

data analysis

interpretation
discussion
evaluation
sources of error
suggestion for
improvements/
modifications

n/a

Common title alternatives | Expected information within the section

a specific statement that outlines the expected relationship between
independent and dependent variables, or a question asking about the
relationship between the independent and dependent variables

a summary of the entire experiment or investigation in a single paragraph
outlining the main information for each section: background information,
method, results, analysis and conclusion

usually 1-3 sentences per section, often less rather than more

information already known or inferred from previous experimentation and
scientific literature specific to the research question

explains the current scientific knowledge about the relationship between
the independent and dependent variables and any other variables that may
alter the relationship

must also refer to the original experiment and justify the modification that
was made

an outline of the exact details for other scientists to repeat the experiment,
including specific details about instruments, equipment models and
precision, techniques used and all the information required for others to
repeat the experiment and, hopefully, achieve the same results

it is not common to differentiate the materials (equipment and instruments
used) from the procedure that uses them

the type of data presented is unique to specific journal publications;
however, in general, all the data, observations and results need to be
presented to explain the interpretation and conclusion

must show all the required information to answer the research question

an explanation of the results that includes the quality of experimentation
(accuracy, precision, validity and reliability of the methodology) and relates
the results to current scientific understanding (theory)

the strength of the relationship between the experimental evidence (data,
uncertainties, observations or results) is to be stated

no new data is to be included in this section

a list of all sources used in the scientific report

Language of reports

The experiment report is written for a scientific audience, so it is important to
ensure that the report uses appropriate scientific language and conventions. This
contrasts with English writing used in everyday situations.

Experiment reports should be written using:

e past tense—the experiment was conducted in the past, so the report should be
in the past tense

e third person, passive voice and impersonal verbs (Table 1.8.4)—science uses
this language convention

« scientific language—the terms used are specific to concepts, models and theories

e objective, unbiased language—avoid subjective and emotional or persuasive
writing (Table 1.8.5).

» concise language—avoid unnecessary repetition and express ideas succinctly.
Scientific language allows more details, knowledge and understanding to

be communicated in fewer words. Use shorter sentences that are less wordy
(Table 1.8.6).
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TABLE 1.8.4 Examples of first-person and third-person narrative

| firstly tied a rubber stopper of known
mass onto one end of a piece of fishing
line, and a brass cradle of 200 g to the
other end.

After the current was switched on, | found
that ...

My colleagues and | found ...

First, a rubber stopper of known mass was
tied to one end of a piece of fishing line. A
brass cradle of mass 200 g was tied to the
other end.

After the current was turned on, the results
showed ...

Researchers found ...

TABLE 1.8.5 Persuasive writing versus scientific writing styles

Persuasive writing examples Scientific writing equivalent examples

Use of biased and subjective language:

» The results are extremely bad, atrocious,
wonderful etc.

» This is terrible because ...

Use of exaggeration:

» The object weighed a colossal amount,
like an elephant.

« Safety crisis ...

Use of everyday or colloquial language:

» The experiment was stuffed because we
were clueless.

» The results don't ...

* The researchers had a sneaking suspicion ...

Use of unbiased and objective language:

» The results showed ...

» The implications of these results suggest ...
» The results imply ...

Use of non-emotive language:
» The object weighed 256 kg.
» Safety issue ...

Use of formal language:

» Further research is needed to fully
determine why the results of the
experiment were not as expected.

» The results do not ...

» The researchers predicted / research
question or hypothesised / theorised ...

TABLE 1.8.6 Examples of wordy and concise language

Verbose language Concise example

Due to the fact that ...

Anog and Walsh undertook an investigation into ...

It is possible that the cause could be ...
End result ...
In the event that ...

Shorter in length ...

Because ...

Anog and Walsh
investigated ...

The cause may be ...
Result ...

If ...

Shorter ...

To produce a fluent report, the scientific language must be used without error,
so that the reader understands the meaning of the information easily. For the report
to be concise, there should not be any repetition. The report must remain within the
required word count or length. Being fluent and concise will significantly influence
the word count and the quality of writing within the specified word limit.

Language constructs

The experiment report is to be written using paragraphs, with each paragraph
explaining only one idea. Developing paragraphs is essential when writing fluently
and concisely. Each paragraph should explain only one topic. The first sentence (topic
sentence) of the paragraph introduces the topic, the following sentences provide
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the details of the idea and the final sentence concludes it. Each sentence within a
paragraph should contain only one subject (perhaps two if necessary), and each
sentence should flow on to the next, slowly building the details of the explanation.
The report should be brief and comprehensive, so you should only use the words
required to communicate and language that conveys detailed understanding.

Presenting scientific ideas

An efficient way of presenting complex data and explaining scientific concepts is

through photographs, graphs, tables and scientific models such as flow charts and

diagrams. Ensure you include:

* adescriptive title

* labels, captions or descriptions

e numbering e.g. Figure 1, Figure 2 ... or Table 1, Table 2 ...

e a source, if the work is not your own or is adapted from work that is not your
own.

Using tables and graphs

In general, tables provide more detailed data than graphs. However, it is easier to
observe trends and patterns in graphs, making them a very useful tool for presenting
evidence. Pie charts illustrate percentages well, while scatterplots illustrate
relationships between variables. Bar charts are best used for qualitative data and
discrete quantitative data. Scatterplots are best used for continuous quantitative
data, and are often used in physics.

Editing your report

Editing your report is an important part of the process. After editing your report,
save new drafts with a different file name and always back up your files in another
location. Pretend you are reading your report for the first time when editing. Once
you have completed a draft, it is always good practice to read your work a day or
two after you have completed it. When reading your own work, do not read it as you
intended. Instead, carefully read your work, following the punctuation, grammar
and spelling as it appears on the page. This is more easily achieved if you read the
report aloud. When editing, look for content that:

e is ambiguous or unclear

e is repetitive

e is awkwardly phrased

e s too lengthy

* is not relevant to your research question

e is poorly structured

» lacks evidence

* lacks a reference (if it is another researcher’s work)

e contains spelling mistakes.

Acknowledging sources

All the quotations, documents, publications and ideas used in your investigation
need to be listed in the references and acknowledgments. In order to avoid plagiarism
and to ensure creators are properly credited for their work, this must be completed
accurately. References and acknowledgements also give credibility to your study
and allow the audience to locate information sources for further study.

Plagiarism is using other people’s work without acknowledging them as the
author or creator. To avoid plagiarism, include a reference every time you report
the work of others, placing it at the end of a sentence or following a diagram. If you
use a direct quotation from a source, enclose it in quotation marks. This will ensure
you give credit to the original author and it will enable the reader to find the original
source.



Referencing

A number of different referencing styles can be followed, such as Harvard or
APA (American Psychological Association). The sources of information must
be acknowledged using a referencing style that is suitable for the purpose of the
investigation. Check the preferred referencing style or convention with your teacher
for in-text referencing and for the complete reference list.

The student experiment does not require a bibliography; a reference list is
sufficient. A bibliography is a list of all the sources used during the research to
develop understanding (including information in the journal) even if the information
was not used directly or explicitly in the scientific report. A reference list only lists
the sources citied (or in-text referenced) in the scientific report.

The sources must be listed at the end of the report in alphabetical order (by
author’s last name or organisation name). Compile your references in a separate
document as you conduct the student experiment. This will save you time later.
APA style is the most commonly used referencing style.

In-text citations

Each time you write about the findings of other people or organisations, you need
to provide an in-text citation and the full details of the source in a reference list. In
the APA style, in-text citations include the first author’s last name and the date in
brackets (author, date).

The following examples show the use of in-text citation and the reference list
entry.

In-text citations show two options for inclusion in the sentence.

A single atom of the rare-earth metal holmium has been made into the world’s smallest,
stable magnet. This was then used to make an atomic hard drive, in which each holmium
atom stored one bit of information (Natterer et al., 2017).

Natterer et al. (2017) reported that a single atom of the rare-earth metal holmium was
made into the world’s smallest, stable magnet. This was then used to make an atomic hard
drive in which each holmium atom stored one bit of information.

Reference list the example above would be:

Natterer, F, Yang, K., Paul, W., Willke, P, Choi, T,, Greber, T., Heinrich, A, & Lutz, C. (2017),
Reading and writing single-atom magnets. Nature, 543, 226-228.

ADDRESSING THE SYLLABUS INSTRUMENT-SPECIFIC
MARKING GUIDE

It is imperative that your final scientific report addresses all the characteristics in the
performance-level descriptors of the student experiment ISMG (IA2). Before you
begin the scientific report it would be best to plan the sections and titles and then
assign the ISMG (IA2) characteristics to each section. As outlined earlier, there is
no single convention for the scientific report, and the student experiment ISMG
(IA2) characteristics will fit into any scientific report convention. You will just need
to decide where. It would best to discuss this with your teacher and develop a plan.

Word limits or word count guides can be assigned to each section. Apply a larger
word count to the sections requiring explanations such as introduction, discussion/
conclusion and maybe the analysis (depending on the convention chosen). Consider
how many words will be required for each section, noting the maximum allowable
limit set by the ISMG for the entire scientific report. This word allocation will act
as a guide, but is flexible. By outlining a word guide, you can attempt to avoid
repetitiveness and encourage use of scientific language using fewer words. Make
sure the word limit outlined in the ISMG IA2 is not exceeded.
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1.8 Review

+ A scientific report has the following features. techniques used and all the information required

- Title: a specific statement that outlines the for others to repeat the same experiment
expected relationship between independent and - Results: the relevant data, observations and results
dependent variables relating to the experiment

- Abstract: a single-paragraph summary of the entire - Conclusion: an explanation of the results, including
experiment/investigation quality of experimentation, which is related to

- Introduction: an explanation of the current current scientific understanding. The strength
scientific knowledge about the relationship between of the relationship between the experimental
the independent and dependent variables, and any evidence is stated. Do not introduce any new data
other variables that may alter the relationship in this section.

- Method: an outline of the exact details of the - References: A list of all sources used in the
experiment, including specific details about scientific report
instruments, equipment models and precision, » The scientific report must address the requirements

of the syllabus.

KEY QUESTIONS

Retrieval
1 Describe the information that is included in the A ¥ By
following sections of a scientific report.

b conclusion

2 Recall in which section of a scientific report you
would find processed data.

Comprehension > -
3 Explain the difference between a bibliography
and a reference list. cvy Dy

Analysis
4 Consider the graphs on the right and answer the
following questions.

a lIdentify the graph(s) that shows that the
dependent variable increases at a constant
rate. - -

b Identify the graph(s) that shows that the x x
dependent variable increases at an increasing E
rate.

¢ Identify the graph(s) that shows that the
dependent variable increases at a decreasing
rate.

d Identify the graph(s) that describes the
following observation.

You are measuring the time of flight of a > >
projectile launched at a constant angle above X X
the horizontal with various initial velocities.

Data is collected and you observe the time of

flight to increase at a steady rate as the initial

velocity increases.

E a method
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e Describe the relationship between the dependent
variable and the independent variable in graph F.

5 Outline what might cause a sample size to be limited
in an investigation.

6 Max is about to perform an experiment on light and
matter and considered this investigation hypothesis:
An increase in the intensity of blue light shone onto a
piece of aluminium metal connected in a photoelectric
circuit will increase the current produced.
Improve Max’s response to the hypothesis by making it
more concise:
When the intensity was 7.8 nWm™, the current was
3.9 nA, and when the intensity was 3.9 nW m‘2, the
current was 1.9 nA.
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PARTC RESEARCH INVESTIGATION (IA3)

The QCAA requires students to complete a research
investigation in Unit 4 Physics.

The research investigation assessment (IA3) requires
students to investigate a claim by drawing on secondary
evidence from scientific texts. Students use research
conventions to analyse and interpret the evidence and
reach a justifiable conclusion about the claim. The
research requires students to locate and use information
beyond the scope of their knowledge and the data they
have been given.

The research investigation requires you to gather
secondary evidence on a research question. Students
must work individually to develop and investigate their
research question based on a humber of possible claims
the teacher provides.

Evidence must be obtained by researching scientifically
credible sources, such as scientific journals, books,
websites of governments, universities, independent
research bodies or science and technology manufacturers.

The research investigation constitutes 20% of the total
assessment in Physics.

The research investigation may be presented in:

 written form (e.g. scientific report), 1500-2000 words,
or

* multimodal presentation form (e.g. poster
presentation), 9-11 minutes.

A summary of the ISMG for the research investigation (IA3)

is provided below. The table includes the objectives and
marking for this summative internal assessment.

Assessment objectives Specifications m

Research and * Apply understanding.

» a considered rationale showing how the research question was

planning » Perform an investigation. developed from the claim
» aresearch question that is specific and relevant
+ collected sources that are sufficient and relevant
Analysis and » Analyse the evidence sourced + collection of sufficient and relevant sources 6

interpretation
 Interpret the research evidence.

during the research. + detailed and careful coverage of relevant trends, patterns and
relationships

+ detailed and careful coverage of the evidence’s limitations
« justified scientific arguments based on evidence

Conclusion and * Interpret the evidence from the » a conclusion that is justified and addresses the research question 6

evaluation

research. + insightful examination of the evidence’s quality

» Evaluate the processes, claims and » extension of investigation findings that are credible
conclusions within the research. » consideration of possible improvements and extensions to the
investigation that are relevant to the claim

Communication  « Present the research findings, » scientific language and representations that are concise and fluent 2
including arguments and + suitable use of genre conventions
conclusions. » appropriate referencing conventions to acknowledge sources

Total 20

The scientific inquiry is not a linear process. Scientists will not necessarily
complete these steps in the stated order and some steps may need to be repeated
or altered in order to more accurately address the research question.
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INSTRUMENT-SPECIFIC MARKING GUIDE

Student responses are assessed against an ISMG. In developing your research
investigation and planning your response it is important to always have in mind
the assessment objectives, and in particular the characteristics that are described
in the performance level descriptors.

The major features of the ISMG are outlined below and shown for the
‘Research and planning’ criterion. Just as with the student experiment, the
ISMG is organised in:

« four criteria, though these differ for the research investigation—research
and planning, analysis and interpretation, conclusion and evaluation, and
communication

« performance levels, against which the qualities of the response are assessed
« performance level mark, which may be a single mark or 2-mark range
« performance level descriptor.

A summary of the objectives and marking for the ‘Research and planning’
criterion, of the summative internal assessment: research investigation, IA3,
is provided below.

Criterion: Research and planning

4 Objectives -t Objectives of assessment task

These are the objectives 2 apply understanding of... to develop research questions

being assessed. Your work . :
must demonstrate these 5 investigate... through research

objectives. Definitions Key features that distinguish between marking levels:

Marks

of the objectives
can be found in the r
syllabus glossary. How
the objectives will be
assessed is described

K below. J

» applying an understanding of the subject matter that shows clear
and well-thought-out development linking the original claim to the
final research question

» developing a clearly defined research question that is connected
to the original claim

+ using relevant sources that enable a scientifically justified
response to the research question to be constructed

5-6

4 Descriptor \

Each dot point in each
performance level <
descriptor is called

a descriptor. The
descriptors contain all the

» applying an understanding of the subject matter in an adequate
way that demonstrates links from the claim to the research
question

» developing a research question that is connected to the claim

» using resources that are related to the research question

3-4

characteristics required + applying a basic understanding that does not provide logical
to achieve that level reasons to connect the research question to the original claim
of performance. They « developing a research question that is not related to the
outline the evidence that original claim
teachers will search for in + using insufficient resources or sources that do not enable a
K your work. / conclusion about the research question to be made

1-2

(| » descriptors not addressed

a Performance level \
Together, the
performance level
descriptor and the
mark are known as
the performance
level. Once the
descriptors for
a particular
performance level
descriptor have
been assessed, a
performance mark
is awarded. You can
only be awarded
one of the marks in
the corresponding
‘Performance mark’
column. If all the
descriptors of the
performance level
descriptor are
demonstrated in
your response, then
the upper mark is
awarded. Otherwise
the lower mark is

Performance level
descriptor
The performance level
descriptor is the whole
of the left-hand cell in
each performance level.
It is made up of all the
descriptors in that level.

In the modules that follow, you will find a guide to a research investigation report.
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K awarded. /

KPerformance mark\
The performance
mark is the mark

awarded to the
response for the
particular criterion.

It is related to the
quality of the response
as measured against
the performance level

descriptor.
N P J
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1.9 Developing a research question
from a claim

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» analyse a claim to identify the scientific concepts, variables and
measureable terms in it
» develop a research question from a claim.

The research question should specifically address one of the concepts associated
with the claim. It should clearly state the relevant variables. All the research
conducted for the research investigation will be directly related to the research
question. Therefore the process begins with the claim and then develops, based on
the concepts addressed by the claim.

UNDERSTANDING THE CLAIM

The syllabus defines a claim as ‘an assertion made without any accompanying
evidence to support it’. The assertion or claim can be a sentence, a statement
within a sentence, the title of an article, a quote or anything published in any form.
Your research question will focus your investigation, making it necessary to gather
evidence so that you can evaluate the claim. An example of a claim is shown in the
title of an article in Figure 1.9.1.

EOT

Gravitational Waves Might
Leave Permanent Tears in
SpaceTime

f ¥ in P < 170 SHARES

Source: NASA

Since their first confirmed observation last year, gravitational waves have been
shaking up the world of physics. This time, sci have sugg d that these
waves could leave permanent scars in the fabric of space-time.

FIGURE 1.9.1 Article with a claim in the title

So how is a research question formed from a claim that is not supported by
evidence? The claim itself has to be analysed and understood. Within the claim,
identify one or more of:

* known scientific concepts

e variables

* measurable quantities

* ideas related to concepts

e quantities that are claimed to influence another.



You should record all the information you collect during the investigation in a
journal, including the process of developing a research question from a claim. This
will be used in your research investigation report to address the ISMG characteristics
about developing a research question from a claim. Write down all the elements
found in the claim and try to categorise them using the above list. Each element
within the claim may suit more than one category. Table 1.9.1 outlines an example

of analysing and categorising elements of a claim.

TABLE 1.9.1 Two examples of analysing and classifying the elements of a claim

Example 1

Claim A bullet fired from a gun into the air will
fall at a velocity high enough to cause
injury should it hit a person.

Classifying the elements of a claim

Source A 1994 Journal of Trauma article claims

and that 118 people were treated for falling
context of bullet wounds (38 of them died) when
claim New year’s eve celebrators fired bullets

into the air between 1985 and 1992.

Projectiles

» known concepts: velocity (speed and direction)
* initial upwards velocity
 final downwards velocity

Elements + Projectiles
+ Air resistance

* Injury to people

Air resistance

* measureable known concept
 related to shape of projectile, its velocity and the medium through which
the projectile is moving

Injury to people

» data needed on what defines ‘injury’

» could be measured in controlled experiments

» final downwards velocity typically not high enough to cause injury due to
air resistance

Example 2

Claim It is ‘well-known’ that lightning does not
strike the same place twice.

Classifying the elements of a claim

Source This is a very old superstition that is

and thought to have been first published
ettt by PH. Myers about the story of a US
claim park ranger who was struck by lightning

seven times between 1942 and 1977.

Electric charge

» exists as positive and negative charges
» negative charge is attracted to positive charge
« large forces are involved when unlike charges are separated

Elements Electric charge
« Electric field

» Dielectric breakdown

Electric field

» provides the forces involved in lightning discharge

+ movement of air and ice is thought to be responsible for charge
separation setting up the electric field

« fields are strongest around sharp metallic points, e.g. antennae

Dielectric breakdown

« electric field reaches a maximum value then positive and negative
charge rapidly move together

« this motion drains the clouds of one type of charge creating large
currents

» charge drains to the point on the ground where the electric field is
strongest, typically near antennae and aerials

If you unpack the claim into elements such as related terms and concepts,
variables and measureable quantities, you can formulate questions using the claim.
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A hypotbhesis is an optional
feature that you may wish to write
to support the development of
your research question.

A hypothesis is not an assessed
component of the ISMG, and
not every research question will
lead to the development of a
hypothesis.
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FORMING A QUESTION

A research question needs to be formed from the claim, because the variables stated
in the claim may not be measurable or directly observable, and therefore they may
not be scientific

Extrapolate and expand the claim further into possible scientific elements.
Each of these elements can then be used to formulate a question (Table 1.9.2). It
is best to formulate a number of questions related to the claim and write them all
down in your journal. Each question must enable a response that will evaluate the
validity and the reliability of the claim.

When phrasing the research question, you will need an understanding of the
dependent and independent variables and the relationship between them. The claim
must identify the dependent variable and may also specify the independent variable.
If the independent variable is not in the claim, it will be elsewhere in the material
about the claim.

Here are some guidelines to help you formulate a question.

1 Find the dependent variable in the claim, or refine the claim by rephrasing it into
something measurable.

2 Choose an element of the claim to become the independent variable, or identify
the independent variable in the material.

3 Phrase a question to ask if the independent variable will influence, cause or
correlate with the dependent variable.

4 Write a few different questions. Usually the questions improve as you write
more, which allows the formulation of a more developed research question.

Read throughTable 1.9.2 to see examples of questions formed from the elements
of the claims from Table 1.9.1.

TABLE 1.9.2 Two examples of questions formulated from the claims in Table 1.9.1

Example 1

A bullet fired from a gun into the air will fall at a velocity high enough to
cause injury should it hit a person.

Elements of Projectiles

a claim » known concepts: velocity (speed and direction)

* initial upwards velocity

« final downwards velocity

Air resistance

* measureable known concept

 related to shape of projectile, its velocity and the medium through
which the projectile is moving

Injury to people

» data needed on what defines ‘injury’

» could be measured in controlled experiments

« final downwards velocity typically not high enough to cause injury due
to air resistance

Formulated a How much air resistance is there on a falling bullet?
questions b How does the initial velocity relate to the final velocity of a bullet?
¢ Can the damage caused by a falling bullet be quantified?



m It is ‘well-known’ that lightning does not strike the same place twice.

Elements of Electric charge

a claim « exists as positive and negative charge

» negative charge is attracted to positive charge

« large forces are involved when unlike charges are separated

Electric field

» provides the forces involved in lightning discharge

» movement of air and ice is thought to be responsible for charge
separation setting up the electric field

« fields are strongest around sharp metallic points, e.g. antennae

Dielectric breakdown

« electric field reaches a maximum value then positive and negative
charge rapidly move together

 this motion drains the clouds of one type of charge, creating large
currents

» charge drains to the point on the ground where the electric field is
strongest, typically near antennae and aerials

Formulated a How much current is generated during a typical lightning strike?
questions b What type of structures are typically struck many times by lightning?
REFINING THE RESEARCH QUESTION

It is possible that one of the questions you write in your journal, from the elements
in the claim, will become your research question. As you conduct research into the
concepts underpinning the independent and dependent variables, new information
will refine the question.

The process of developing a research question is often somewhat cyclical
(Figure 1.9.2).

claim

extracting

elements of the —
claim -
research refining
question
formulating r
questions
reflnlng research
question
~—

FIGURE 1.9.2 A chart of a common process for developing a research question. The cycle of
researching and refining the research question can be repeated as many times as necessary until you
are satisfied with the investigation question.

It is important to record your development of conceptual understanding and
the knowledge you gain about the relationships between variables. The research
investigation requires evidence of the development from the claim to the research
question, as stated in the ISMG.

During the research, continue to record your findings in your journal and make
note of any ideas that may arise related to the question. As your knowledge and
understanding about the variables is developed, refine the question to be more
specific.
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ﬂ The research question and the
development of the research
question from the claim using
research, scientific concepts,
knowledge and understanding,
is related to the following ISMG
characteristics:

e a carefully and deliberately
constructed rationale
identifying an easy to
understand development of
the claim from the research
question.

e aresearch question that is

clear and, applicable and
pertinent to the methodology.

e selection of adequate,
applicable and pertinent
resources.
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The goal is to develop the research question to a point where exact data or
evidence can be found regarding the variables in the question. It will develop
into a research question when evidence from research can answer the question.
Table 1.9.3 compares formulated research questions that were refined.

TABLE 1.9.3 Development of the original formulated questions into research questions

Example 1
m A bullet fired from a gun into the air will fall at a velocity high enough to cause injury should it hit a person.

Formulated a How much air resistance is there on b How does the initial velocity relate ¢ Can the damage caused by a falling
questions a falling bullet? to the final velocity of a bullet? bullet be quantified?

Refined a How much does air resistance b Is there a relationship between ¢ Can plasticine models be used to
research slow down a vertically falling bullet the initial velocity of a bullet fired directly measure the kinetic energy
question that is released from rest when vertically into the air and the final of a vertically falling bullet?
compared to its initial muzzle downwards velocity of the same
velocity? bullet?

It is ‘well-known’ that lightning does not strike the same place twice.

Formulated a How much current is generated during one typical lightning strike? b What type of structures are typically
questions struck many times by lightning?

Refined research a How much current is generated during one dielectric breakdown as set b Do high-curvature objects attract
question up in a high school laboratory? lightning more than low-curvature
objects?

You will use your the research recorded in the journal to write the considered
rationale for the research question, and display its clear development from the
claim. This will be achieved by using the research in your journal to outline its step-
by-step development, justifying the steps using scientific concepts, knowledge and
understanding (Figure 1.9.2).

The syllabus defines ‘specific’ (required by the research investigation ISMG)
as ‘clearly defined or identified; precise and clear in making statements or issuing
instructions; explicit’ and ‘relevant’ as ‘bearing upon or connected with the matter
in hand; to the purpose; applicable and pertinent; having a direct bearing on’.
Therefore, a specific research question must explicitly identify the dependent and
independent variables. The research question must be connected to the considered
rationale and the topic of study.
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1.9 Review

+ Aclaim is an assertion made without any » Research questions can be developed from a claim
accompanying evidence to support it. by identifying the underlying scientific concepts and
variables in the claim.

KEY QUESTIONS

Retrieval 5 Derive a research question for the following claims.
1 Define ‘claim’. a Bismuth metal increases the strength of an external

2 Identify what a research question should explicitly magnetic field.
state. b Quarks are the smallest pieces of matter than exist

in the universe.

mprehension
Comprehensio ¢ Red light is better for seeing in low light conditions.

3 Explain why the research question should be refined.
Analysis
4 Outline the relationship between research and

understanding and the research question that is
relevant to the ISMG.
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1.10 Finding and choosing
suitable resources

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» distinguish between primary and secondary sources
» locate a range of primary and secondary sources
» determine the validity and reliability of a source.

When gathering scientific evidence for the research investigation, use reputable

publications including:

e scientific journals—research papers and scientific reviews

» scientific articles written by organisations who apply scientific research to their
industry

* articles in science magazines, newspapers and on websites.

The research investigation must include a reference list of cited sources. The sources
used should be sufficient and relevant. The syllabus defines ‘sufficient’ as ‘enough
or adequate for the purpose’, and ‘relevant’ as ‘bearing upon or connected with the
matter in hand; to the purpose; applicable and pertinent; having a direct bearing on’.
Figure 1.10.1 points out the features of sources deemed ‘sufficient’ and ‘relevant’.

valid and reliable
information depends
on sample size,
significant findings,
methodologies used to
test variables

primary and secondary relevent information
sources are both valuable addressing research
sources question

credible information
from authoritative
sources

up-to-date
information

refer to a variety and
number of sources, as no
single source can
provide sufficient
information.

accurate and precise
information

FIGURE 1.10.1 Features of sources suitable for the research investigation
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SOURCING INFORMATION

Consider whether the information you use is from a primary or secondary source.

Primary and secondary sources

Primary sources of information are written by the observer or witness to an event, or
the scientist who conducted the research. Only the original observer has processed
the information, therefore it is the least biased of all available sources of information.
However, even primary sources may be biased, as the observer or researcher had to
make choices related to the observation, control of variables, use of instruments and
choices for processing data.

Secondary sources of information are not eye-witness accounts but
interpretations of events by other people. Because it is second-hand information,
its accuracy and reliability may be reduced, and events may be interpreted
through the writer’s perception and bias. You should aim to use a wide range of
data sources when using secondary data, to cross-check for accuracy, reliability
and validity of information.

When searching for information and evidence, follow these guidelines.

1 Determine if the source is primary or secondary.
2 Confirm it is valid:
- Is the information specifically related to the claim?
- Is the evidence and information relevant to the variables in the research
question?
3 Assess its reliability:

- Is it current information?

- Is it up-to-date in its understanding of relationships?

- Is the evidence equivalent to other sources?

- Does the author have credible qualifications and expertise?

- Is the methodology valid and were the variables controlled or measured?

Table 1.10.1 summarises the characteristics of primary and secondary sources.
Sometimes the same type of source may be classified as both a primary and a
secondary source, depending on when and by whom it was written. For example, a
scientist’s journal article on a how a gamma ray laser can be used to measure tiny
cracks in metals is a primary source, while a general magazine article about gamma
rays written by a journalist and referring to the scientific study is a secondary source.

TABLE 1.10.1 Summary of primary and secondary sources

Primary sources Secondary sources

Characteristics « first-hand records of events or * interpretations of primary
experiences sources
» written at the time the event + written by people who did
happened not see or experience the
» original documents event

* use information from
original documents but

rework it
* results of experiments » textbooks
« scientific journal/magazine » biographies
articles * newspaper articles
» reports of scientific discoveries * magazine articles
» photographs, specimens, maps » radio and television
and artefacts documentaries
* interviews with experts « websites that interpret the
» websites (if they meet the scientific work of others
criteria above) * podcasts
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Articles in scientific journals

Peer-reviewed scientific journals are excellent sources of information. Journals are a
collection of scientific reports written by the scientists who conducted the research.
The reports and articles found in scientific journals are published primary sources,
meaning they are the results of the experiments (Figure 1.10.2).

AI P Journal of Renewable and
Sustainable Energy

HOME BROWSE INFO FOR AUTHORS COLLECTIONS Q sic

Online: 2008 2018

A review of algorithms for control and optimization for energy
management of hybrid renewable energy systems o

Journal of Renewable and Sustainable Energy 10, 053502 (2018); hitps. //dolorg/101063/1.50322146
Bamnam Jyoti Saharla’?, Haney Brahma™ ™, and Nabin Sarmah
View Affiliations
m ABSTRACT FULL TEXT FICURES TOOLS SHARI
COLLECTIONS
ABSTRACT

e Hybrid renewable energy systems (HRESs) can alleviate the grid dependence for power in
rural and distant locations. The intermittent nature of renewable energy sources acting
alone does not make the system reliable; however, combining one or more sources (like
solar, wind, diesel, biomass, micro-hydel, etc.) with adequate storage options or intelligent

control of hybrid systems ensures power availability to the end user. As a result, it is

FIGURE 1.10.2 An extract of an article in a scientific journal of a research report written by scientists.
The article follows a strict structure: a pertinent title, names of authors, an abstract, an introduction,
sections for method, results and analysis, a conclusion and ending with a reference list.

Access to scientific journals can be restricted, as many journals require
subscriptions or membership at a financial cost, although some are free. Figure 1.10.3
provides ideas for accessing scientific journals. NASA ADS is another service that
allows access to physics and astronomy abstracts.

school libraries

Public library of
science, known
as PLoS.

PubMed and

X . universities
science direct

many school
— libraries have access
to scientific journals

ask a librarian at
your school if you
can gain access to
scientific journals
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most university
— offer free searches I libraries are open to
the public

offers free access to
articles in journals

access to some
L articles requires —
membership

the library holds
journals from all
over the world

access on campus
but some

universities allow

access off campus

FIGURE 1.10.3 Suggestions and information on accessing scientific journal articles




Scientific articles are excellent sources of information, but they also have their
drawbacks as sources for the research investigation. Table 1.10.2 outlines some
advantages and disadvantages of using articles in scientific journals for the research
investigation.

TABLE 1.10.2 Advantages and disadvantages of scientific articles

Advantages Disadvantages

+ written by experts « information is complex and challenging
» authoritative information (peer-reviewed) to understand, with complex language
» most current information and advanced processing and analysis
* logical, organised layout of data
» content is relevant to the topic » requires an understanding of scientific
+ contain an abstract that summarises the literacy, language and numeracy
information in the article (if you don’t * may be time consuming to read and
find the information in the abstract, the analyse
article is not relevant) + do not have recently published articles
* primary source about well-established concepts

» may be difficult to locate

Books and physical publications

Secondary sources such as good science magazines and books are valuable sources
of secondary information.

The first source you should use is this book. The language and concepts are
presented specifically for high school students. In addition, the textbook addresses
the syllabus objectives. Non-fiction books and magazines will probably be
commonly used resources for the research investigation. Common commercial
science magazines you might find in your school library include New Scientist,
Cosmos, Scientific American and The Helix (Figure 1.10.4).

Table 1.10.3 outlines some advantages and disadvantages of non-fiction books
as sources for your research.

FIGURE 1.10.4 A science magazine you might
find in your school library.

TABLE 1.10.3 Advantages and disadvantages of book resources

Advantages Disadvantages

* may be written by experts * may not have been published recently
» potentially authoritative information » usable by only one person at a time

* logical, organised layout * may have more bias than primary

« content is relevant to the topic sources

» contain table of contents and index to help
find relevant information

+ easily located in libraries

+ written in language that is understandable

Searching online

Online sources are provided by scientific organisations such as CSIRO, AIP
(Australian Institute of Physics), IOP (Institute of Physics), NASA and some
universities. Many government and privately funded science organisations as well as
non-for-profit scientific organisations publish material online. Websites may direct
you to magazines and scientific journals (such as those described above), the news,
podcasts, blogs and videos (institutional, company and personal).
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Information located on the internet requires very careful scrutiny. The openness
and ease of publishing on the internet means that the information may not be valid
or reliable. Use the earlier guidelines to help you evaluate sources. Table 1.10.4
outlines advantages and disadvantages of using the internet to find information.

When searching for relevant information you need appropriate search terms to

enter into a search engine. These tips can help your search.

e Break your search statement into concepts and key words.

¢ Find synonyms, related terms and other concepts that apply to the topic.

¢ Create concepts of 1-3 words to enter into the search engine.

e Try different combinations of terms.

e Don’t settle for the first sites on the list or your first attempt, and look beyond
the first page of results.

e Look through the results for sites from science organisations and research
institutions (e.g. CSIRO, NASA, .gov, .org), universities (.edu) and science
journals and magazines.

TABLE 1.10.4 Advantages and disadvantages of online resources

Advantages

» quick and easy to access

» allows access to hard-to-find information

» can easily side track with non-relevant information
» alot of ‘junk’ sites and potentially more biased material

< access to the whole world; millions of websites » need to discern search engine results to find most useful sites

» information is potentially more up-to-date

» cannot always tell how up-to-date information is

* may be interactive and use animations to enhance understanding  « can be hard to tell who has responsibility for authorship

ell2
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» information may not be well ordered
» some journal articles are not free
* may not be reliable, valid or credible

Overview of resources

Your textbook should be your first source of reliable information. Other information
should be consistent with this. Articles published in journals and magazines often
present findings of new research, which may or may not be confirmed later, so
be careful not to treat such sources of information as established fact. Scientific
journals are peer-reviewed (critically reviewed by other specialist scientists), which
gives them more credibility than other sources.



SKILLBUILDER

Evaluating sources for validity and reliability

Determining the validity and reliability of a source can be a challenging task, especially for novice learners. For some
sources it is easy to find details about the author, evidence and concurrency, while others only contain content and do not
offer any other details.

The following tables explain step-by-step how to evaluate a claim about high altitude skydivers.

SOURCE EVALUATED: How a skydiver jumped without a parachute—on purpose—and lived.
Scientific research article https://www.scientificamerican.com/article/how-a-skydiver-jumped-without-a-parachute-on-purpose-and-lived/

m Support/justification

Primary or
secondary

Validity

Reliability

Is this an eye-witness account or a
second-hand source?

Does it contain information that is
specifically related to the claim?

Is the evidence and information
pertinent to the variables in the
research question?

Is it current/recent information?

Is it up-to-date in its understanding of
relationships?

Is the evidence equivalent to other
sources?

Check credibility and consider the
author’s qualifications and expertise.

Try to find the sample size.

Try to establish what variables were
controlled or measured.

second-
hand

yes

yes

yes

partially
yes

n/a

no

n/a

known

A judgement could be made about this source

such as:

The information and evidence was published by

an author in a peer-reviewed journal article that

is current and with variables of experimentation
known and directly related to the claim and
research question. The results are new but are not
yet substantiated, therefore affecting the reliability
of the evidence. This resource is both valid and

reliable, but requires more actual data to be useful.

This article would be a good starting point

for research.

ell3

It is an article written for scientifically literate community in the
journal Scientific American.

Outlines information directly related to air resistance and
a falling skydiver in relation to velocity, acceleration and
displacement of a projectile.

Some data on velocity, displacement and time of the skydiver’s
fall in SI and imperial units.

Published 2 August 2016.

Some information on the theory of projectiles and air
resistance is included but it is not at a high mathematical level.

No other sources are quoted in this article.

No information about this author is given.

This article is not about an experiment with data.

Variables were height of fall, time of flight, horizontal distance
covered, wind speed and direction.

continued over page
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Skillbuilder continued

SOURCE EVALUATED: How do you measure the Stratos space Jump?
https://www.wired.com/2012/07/how-do-you-measure-the-stratos-space-jump/

HilykEldAee | Is this an eye-witness account or a second-  second- The journalist uses official data from Red Bull Stratos
secondary hand source? hand to put together information on the physics (for the lay
person) of Felix Baumgartner’s jump from the edge of
space in 2012.

Validity Does it contain information that is yes This article has a lot of good data and references.
specifically related to the claim?

Is the evidence and information pertinent yes It provides data on speed, time and altitude
to the variables in the research question?

Reliability Is it current/recent information? yes Article published in May 2012

Is it up-to-date in its understanding of yes Discussion of air resistance and terminal velocity
relationships?

Is the evidence equivalent to other sources? yes Probably better than the first article as it has more data,
but it is still a secondary source.

Check credibility and consider the author's  yes Author is a physics lecturer at a US university.
qualifications and expertise.

Try to find the sample size. n/a As this was a one-off event, the sample size is one.
Try to establish what variables were no, Most variables in the fall were not controlled.
controlled or measured. mostly

The judgement of this second source could be

as follows:

The second article is better than the first article

as there is more data available to analyse, but it is
still a secondary source and a website rather than

a formal scientific article in a journal. The problem
with this claim is that the data is privately owned by
Red Bull Stratos and is difficult to find without going
through a commercial website. Further research

is required to find the actual data but there should
be Physics Teacher and Physics Education journal
articles available with more robust physics concepts.
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1.10 Review

Scientific evidence for the research investigation can
be sourced from numerous publications, including
scientific journals, scientific articles and commercial
articles.

KEY QUESTIONS

Retrieval

1

State whether each of the following is a primary or a

secondary source.

a a newspaper article about global warming

b a report on an experiment performed to investigate
how the intensity of light affects the diffraction
pattern when light is passed through a narrow slit

¢ an interview with an astrophysicist who calculated
the orbit of the interstellar visitor ‘Oumuamua to our
solar system

d a website with information about interplanetary
travel by humans

Comprehension
2 Explain the difference between a primary and

seconda ry resource.

* A primary source is written by the observer
or witness to an event, or by the scientist who
conducted the research.

+ A secondary source is a document that refers to or
analyses a primary source.

Analysis

3

Freya is learning about the orbits of planets in other
solar systems, and is searching for facts about how the
mass of the central star affects the shape of an orbit.
From the list below, identify which one would be the
best resource for her to use. Explain your answer.

a the book Exoplanets: Diamond Worlds, Super Earths,
Pulsar Planets, and the New Search for Life beyond
Our Solar System, first published in 2017 for the
general public

b an article in the prestigious journal Astronomy and
Astrophysics, published in June 2017.

¢ the website Exoplanet.eu, accessed on 6th June
2017.

d ‘Nightfall’, a short science-fiction story by Isaac
Asimoy, first published in 1941
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1.11 Research: taking and
organising notes

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» use your scientific journal to take and organise notes, and to refine
experimental procedures
» paraphrase information found in primary and secondary sources.

As previously mentioned, a journal should be maintained in which you record all the
ideas, research and developments of the research investigation. Once all the work
is complete, the information in the journal should form the basis of your response.
There will be no need to produce new work as it is already completed in the journal.

Scientists organise their journal notes with the following general features:
¢ date of journal entries
e journal entries for:
- ideas, observations, proposals and questions
- research background information for ideas, observations, proposals and
questions
- refinements
- personal explanations of information, concepts, ideas, observations, proposals
and questions (this often includes diagrams)
- results, data and evidence
» origin of information (recording sources).

RECORDING DATE OF JOURNAL ENTRIES

Always place the date at the start of each day you record in your journal. This is
done by professionals world-wide to catalogue and file information. When trying to
find previous work completed, most people search their memory as to ‘when’ they
completed the work. They think ‘I’'m sure I did the research on “Y” after I found the
information on “X” last week’. So the date of your research will become a simple
yet effective filing system.

RECORDING JOURNAL ENTRIES

Each journal entry should follow a cataloguing system; most typically, this is the date
and a title. A reference point or cataloguing system helps you to find information
when you are searching for information later.

Ideas, observations, proposals and questions

You may be surprised how often simple ideas, observations, proposals and

questions influence, direct and help your research days or weeks later. Your ideas,

observations, proposals and questions could be related to:

* the variables or concepts involved in your investigation

* new terms you were exposed to and do not understand

e data or evidence you do not currently comprehend but are important to a part
of the investigation

* statistics about significance in the analysis of some information

» ideas and proposals about possible future research and questions.



Record all of these in your journal. The value and benefit they offer later could
include:
e saving you time by:
- not researching the same idea twice
- helping you to link ideas from one day or week to the next when you return
to your work
- suggesting guidance and pathways for research and queries that are related
* providing links between concepts in the future that are currently unknown
* providing answers (or partial answers) to future issues, conceptual blocks and
questions
¢ developing understanding of unrelated concepts that become pertinent later.
The content and recordings in your journal will not be in a logical conceptual
order, as are your class notes or a textbook. This is because you are researching
unfamiliar knowledge and you won’t know how it all fits together until the research
is complete. The journal will contain all you need to complete the report later.
Before you add an entry to your journal, make sure you have recorded the date
and provided your own title for the entry. As you take notes from different sources,
always record the source information, such as the title, web address, author and
page. Figure 1.11.1 is an example of a journal entry.

CLAIM —— Black cars heat up faster
than any other car.

20-8-2017

Blackbody radiation question —— Do black objects heat up faster
‘ than white objects?
IR (infra-red) lamp?

!

Black soft-drink can White soft-drink can
(painted black) (painted white)
Does paint s e Check this!

type matter?

|Research - blackbody radiation
- Types of radiation ——w possible DY (Dependent variable)
~ Surface area——=» possible 1V (Independent variable)
=IR lamp?

FIGURE 1.11.1 This journal entry records the date, title and information. There will be numerous
journal entries on any given date, and most will have their own titles. The same titles will appear on
different entry dates as research continues on that topic.

€) Many professionals use a couple
of cataloguing systems when they
are recording information in their
journals, usually recording the
date of entries and providing a
title for their entries. The titles are
often related to their own work
and objectives (categories) rather
than the title of the source. The
title of the source is recorded
when the origin is recorded.
The most common cataloguing
techniques are dates, titles and
sources.
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Research background information

Information taken from a source should be re-written or summarised in your
own words in the journal. Avoid copying information verbatim so that you are not
tempted to plagiarise when you write up the research investigation.

It can be difficult sometimes to re-word sources into your own words, especially
if it is already expressed well and concisely. Before you write and record the research
information, read the material and grasp its understanding. Without referring back
to the source, write notes in your journal, in your own words. Use multiple sources
and a dictionary as references for information. The notes in your journal should be
detailed with extended explanations that you will fully comprehend when you refer
back to them at a future date.

Worked example 1.11.1
REWORDING INFORMATION FROM SOURCES

A resource for information states that:

‘Electrons, when entering a region of a magnetic field, with a perpendicular
velocity, are deflected at +90°, while protons are deflected at an angle of —90°.
This is due to their opposite charges.

Rewrite this information in your own words.

Thinking

Working

Swap the order of information, so that
the reason (opposite charges) comes
before the object (the deflection
angles).

Due to the opposite sign of their
charges, electrons and protons are
deflected in opposite directions when
entering a magnetic field at right
angles.

Change numerous words such
adjectives, verbs, adverbs and nouns.

Electrons will be deflected in the
opposite direction to protons because

their charge is opposite to the charge
on a proton.

Gather more data so you can elaborate
on the information and provide
explanations.

Electrons and protons are charged
objects, so they will experience the
Lorentz force acting upon them. This
force states that any charged object
will experience a force at right angles
to the direction of its motion into the
magnetic field and at right angles to

the direction of the magnetic field.

>» Try yourself 1.11.1
REWORDING INFORMATION FROM SOURCES

A resource for information states that:

‘Neutrons have no charge, and so will not be deflected at all when they enter a
magnetic field’

Rewrite this information in your own words.




Personal explanations and interpretation

The journal is a valuable tool that is personal to you. Hence it should be written and
displayed in formats that you understand and with information that will help you
to produce the research investigation report. It can include writing, drawings and
schematics (e.g. flow charts).

Sometimes, one form of recording information provides more details than
others. Details are not limited to just facts; they can be the order of events, their
location or their physical orientation. Therefore, use a variety of ways to record
or present the information to capture more comprehensive details. Figure 1.11.2
presents the same information in a few different ways.

a

|universe attracts every other mass.

| Newton's Law of Universal Gravitation:

_ Gmm,
d2

F

m, = mass of planet
m, = mass of sun
d = distance between them

| small planets must exert
| = apullonthe sun!

small |
sun planet |
(m,) d (m,)
F

sunon planet ptanetonson

np

Note: check d —= is it distance from surfacesor |

FIGURE 1.11.2 (a) Sample page from a journal explaining Newton’s law of universal gravitation in the
claim that small planets exert a pull on the Sun. (b) Sample page from a journal explaining Newton's
law of universal gravitation in a flow chart to elaborate on the above claim. (c) Sample page from a
journal explaining Newton's law of universal gravitation in a diagram.
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RESULTS, DATA AND EVIDENCE

When you find scientific results in a resource, it is important to record the values or
reproduce them in the journal. Your notes about the results, data or evidence should
include:

» specific details and your own interpretation of significant values

¢ the trend or pattern
e the comparison or difference between one set of values and another
» the statistics used to establish significance and also the author’s interpretation

e notes written in your own words.

Figure 1.11.3 shows examples of research evidence and how they can be reinterpreted
for a journal entry. Figure 1.11.3a is the original evidence the student found through
research and Figure 1.11.3b is the student’s notes and interpretation of the evidence.

a H F_ vs. Time
1.015 T T T e T T T
Raw
31-Point Boxcar . X
*  9.30-Min. Bins o vy
5-SigmaEB |- - ® ey

/A\

F, (relative to first data point)

09851

-200 -150 -100 -50 0 50 100 150 200 250

‘ 7Y2 hours, in hydrogen-alpha or 656 nm length

The features are : a big dip from ~80 minutes to +50 minutes

: the brightness (2) appears to be larger after the
planet had p d than before it p d

(marked as “A”)

—l,—:_'marz_is_a_smaﬂandip_ajzahauj:ﬂﬁo_minutes -> not
% sure why orif it is important.
http://user.astro.columbia.edu/~astrobio/Transit_detection.html

Statisti Analysi

= 1,

Blue dots = raw data « (no error bars?)

Box car=2

-86-201

| Box car = A method of smoothing data recorded over a time interval.
{ e.g. over 371 samples in this example

| . .

\

FIGURE 1.11.3 (a) An example of representing evidence using graphs and statistics. This data is of the
light curve of a distant star as an exoplanet passes in front of it. Statistical information is given in the
legend, and three anomalies are highlighted in the yellow circles. (b) An example of a student record
of their interpretation of that evidence.




When making journal entries it is important for your understanding and analysis
of statistical method (e.g. understanding an R* value), that you express information in
your own words. You will most likely have to conduct further research to understand
the statistics, their meaning, and the author’s interpretation of the results, as you will
come across new statistical calculations you haven’t seen previously.

Recording the origin of information

As you conduct your investigation and research, it is important to write down
the source of the information. This will enable you to return to the source later to
continue researching, collect further information or recheck details. You will also be
required to produce a reference list in the report, and it will save time if you have
already recorded the source of the information. You could use a table as shown.

S

» author(s) author(s) or organisation

« title « title

» date of publication » date website was written or updated
* publisher » date website was accessed

» place of publication » website address (URL)

* page(s)

1.11 Review

» There is no single method for taking and organising + Scientists continually revise and refine their
notes. experiments based on previous experimentation
« A scientific journal enables scientists to record and and results.

organise their notes.

KEY QUESTIONS

Retrieval
1 State how you record information from a source in impurities found in various grades of glass can be
your journal. determined by analysing the angle of refraction

of laser light. The more inconsistent the angle of

Comprehensmn refraction, the more impure was the glass.

2 Explain the benefit of keeping a scientific journal.

Analysis
3 Paraphrase the following:

a David and Matthew were using sheets of aluminium
foil of different thicknesses to determine the
relationship between thickness and current
produced when light is shone on the foil. They
found that there was a slight increase in the current
produced with thicker sheets.

¢ A study by geophysicists found that the value of
Earth’s acceleration due to gravity was greatly
affected by the density of rock and the depth of the
crust at the location investigated. The denser rock
yielded higher values of the acceleration due to
gravity, but the type of rock was not investigated.

CHAPTER 1 | PHYSICS SKILLS AND ASSESSMENT TOOLKIT
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1.12 Writing a research
investigation report

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» write a report for your research investigation
» write a literature review for your research investigation.

Different genres can be used to report a research investigation. As a written report,
the genres include a literature review, empirical essay and annotated bibliography.
The report must be 1500-2000 words. Alternatively, a poster can be used as a
multimodal presentation of 9—11 minutes in length. Even though there are
many ways to present your report, it must follow a scientific genre and meet the
requirements of the syllabus.

Writing a research investigation report requires scientific communication and
will need to follow scientific genre conventions. An explanation of these requirements
is provided in Module 1.8. A report will communicate information in a logical
sequence (introduction, body and conclusion) and may contain subheadings. Many
of the characteristics of the student experiment are closely related to the research
investigation. The focus of the student experiment is on interpreting data collected
during a scientific investigation, whereas the focus of the research investigation is to
explore a claim.

Characteristics of the genres for presenting the research investigation are
summarised in Table 1.12.1. This module will focus on the literature review.

TABLE 1.12.1 Summary of features of presentation genres, for the research investigation

Science Brief description Features

presentation

genre

Literature A report that evaluates information Abstract

review found in a publication about the Introduction to the topic

Empirical essay

selected topic. The report gives

a theoretical base for the claim
(question), and analyses and
interprets information/data related
to the claim. The objective is to point
out strengths and weaknesses of the
claim.

It is very similar to a literature review.

providing context

Discussion of information/data
Analysis of data/information
Evaluation of information/data
Conclusion related back to claim
Presented as paragraphs that
flow in a logical development
of ideas

Uses subheadings

Annotated Notes, comments and explanations Citation
bibliography about a number of sources, e.g. Introduction to the citation
books and articles. An evaluation of Aims, research methods, scope
a claim after investigating how other Discussion of usefulness to
sources treat the claim. your research topic
Limitations
Conclusions
Reflection—explain how the
citation contributes to your topic
or fits in with your research
Poster An oral presentation accompanies Includes all the above

the poster. The poster presents
ideas concisely and clearly. These
ideas are elaborated on in the oral
presentation.

Visual, oral and text
presentation

Use of font size, colour,

dot points, subheadings,
logical flow of information to
effectively deliver information



LITERATURE REVIEW

A literature review usually includes an introduction, body and conclusion. It critically
analyses information and convinces the reader of the significance or importance of
the topic being investigated. This is achieved through the presentation of information
in a logical sequence in which the author guides the reader through the material
to understand its significance. The research question provides the foundational
direction and guidance of the literature review.

Qualities found in a literature review

Not all qualities and elements of a full literature review will be appropriate for the

research investigation. The literature review will be limited to the word count and

ISMG characteristics in the syllabus. Depending on the research question and the

topic being investigated, your literature review may:

¢ determine the current understanding of the topic

e provide an overview of key concepts (relevant to the research question)

e identify important relationships between variables (specifically those that
influence the independent or dependent variables stated in the research question)

¢ identify strengths and weaknesses of evidence in the information used for the
above points

¢ identify any gaps in the research

* identify any conflicting evidence.

One of the key qualities of a literature review is that it critically analyses the
evidence to communicate a true understanding of the ‘big picture’ about a topic.
It does not just summarise information. Science is about models, theories, laws
and principles, and their continual development. The literature review critically
analyses evidence, the strengths and weaknesses as well as the gaps and conflicts, to
convince the reader about the current state of a large jigsaw puzzle of conceptual
relationships.

A literature review should:

e critically analyse the evidence—establish what it means and explain the statistical
processing used (in particular, analysing the methodologies, samples, results,
data processing and analysis)

* contain only relevant sources and content

» organise the structure of the review to logically inform and convince the reader—
plan the introduction, body and conclusion.

There is no hard-and-fast rule about the number of articles that you should
consult for the research investigation. The term ‘sufficient’ is defined by the syllabus
as ‘enough or adequate for the purpose’. The purpose of the research investigation
is to evaluate the claim; therefore, if the number of articles enables a justified
conclusion to be drawn about the research question and explores both sides of the
argument, then the number of sources is sufficient. Relevant research is connected
to the rationale and unit under study.

A thorough analysis requires complete attention to every detail. Therefore the
research should include analysis and synthesis from different sources. It should
identify patterns, trends and relationships that are related to the investigation. Also
it should be explicitly connected to the research question as well as clarify where the
sources agree and disagree.
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The analysis should thoroughly identify the limitations of the research because
this may affect the extent to which information (primary or secondary) is relevant to
the research question. It is important that when you analyse data and its limitations,
you do not do it in a way that only demonstrates what you want to show. Such
bias will result in an inappropriate and erroneous conclusion that is invalid. Quality
scientific analysis is open to any result.

Justified scientific arguments are supported by sound reasons or evidence.
Therefore, you must apply your scientific understanding and conceptual knowledge
to the evidence that you have examined. The following factors should be discussed.
e State whether a pattern, trend or relationship was observed between the

independent and dependent variables.

¢ Describe the pattern mathematically and specify under what conditions it was
observed.

¢ Note and explain any deviations in the data or information.

* Identify any limitations and uncertainties in the data or information researched.
Why and how do these limitations affect the validity to the research question or
conclusion?

Your analysis of the information may also include an evaluation of the
methodology used by the authors to obtain their data or information.

Conclusion and evaluation

In conclusion, the discussion needs to include an understanding of the features of the
evidence that limit its ability to be used. For example, was the sampled population
reflective of the population referred to in the research question? Is the data from
measured samples or from estimated models? Did the studies occur under different
conditions or categorise the independent variables differently so comparison was
impossible?

The above questions require a justified discussion evaluating the reliability and
validity of evidence. Therefore, it is important to discuss the limitations of each
source. You can do this by:

e evaluating the method of evidence collection

« identifying issues that could affect the validity, accuracy, precision and reliability
of the evidence

e stating sources of systematic and random errors

e recommending improvements to the evidence to improve validity.

In the discussion you should recommend improvements to the investigation that
are linked to the evidence and would address the limitations and gaps in knowledge
that you have identified during the research investigation. The suggestions presented
must be connected to the claim and allow further investigation.

Communication

This section will provide a guide to writing an appropriate scientific report and
some of the general conventions that need to be followed for a literature review.

Once a plan for the literature review has been developed, word limit guides can
be assigned to each section. The notes in your research journal will give you a good
idea of which sections will require more words than others. The journal will also
help you make decisions on which figures, data and evidence to include, and also
how many words may be required to elaborate on the evidence. Distribute the total
word count across all sections you plan to include in the literature review.



The word guide is not binding. As you complete your review you can alter the
word guide and distribution of the word count if you feel it is necessary. However,
make sure the limit outlined in the syllabus is not exceeded.

Planning the research investigation report will help address the ISMG
characteristics. Figure 1.12.1 illustrates how planning can to be done to ensure the
ISMG is addressed.

| Literature review outline:
1. Introduction
2. Analysis
3. Interpretation
4, Evaluation
5. Conclusion
6. Reference list

| Literature review outline:
1. Introduction
2. Analysis
3. Interpretation
4. Evaluation
5. Conclusion
6. Reference list

t lntroductlon (plan address ISMG): informed appllcatlon of

| |dent|fy|ng clear development of the research questlon

| Literature review outline:
1. Introduction - 400 words
2. Analysis - 500 words
3. Interpretation - 200 words
4, Evaluation - 600 words
5. Conclusion - 300 words
6. Reference list

: Introductlon (plan address ISMG): informed appllcat|on of

| |dent|fy|ng cIear development of the research questlon

FIGURE 1.12.1 Planning the literature review: (a) an outline of the planned research investigation
report to ensure the ISMG is addressed, (b) assigning the ISMG descriptors to the sections in the
planned outline, (c) showing the word count planned
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Structure of a written report

Although the use of headings in scientific reports is essential to guide and direct
scientists to particular information, there is no single correct convention for a
scientific report. A typical structure includes an introduction, body, conclusion and
reference list.

Edit each draft of the report after you have completed it; this is an important
part of the process. Save new drafts with a different file name and always back up
your files to another location. Pretend you are reading your report for the first time
when editing. When reading your own work, do not read it as what you intended to
write, but what you have actually written. Reading the report out aloud will help you
to read it more critically. When editing, look for content that is:

e ambiguous or unclear

e repetitive

e awkwardly phrased

e too lengthy

e not relevant to your research question

e poorly structured

» lacking evidence

* lacking a reference (if it is another researcher’s work).

el26

1.12 Review

» There are several genres that can be used to report + A literature review critically analyses information
a research investigation, such as a literature review, and convinces the reader of the significance or
empirical essay, poster presentation and annotated importance of the topic being investigated.
bibliography.

KEY QUESTIONS

Retrieval

1 Recall the convention for the flow of information 4 Outline how you would achieve an analysis of the
through a literature review.

2 State the convention for the literature review genre. review.

Comprehension
3 Explain the purpose of a literature review.

PHYSICS 12 | UNITS3AND 4

Analysis

methodologies, sample size and results in a literature



PART D | EXAMINATION (EA)

The examination is set externally by the Queensland The assessment objectives are to:
Curriculum and Assessment Authority (QCAA) and covers 1 describe and explain

both Unit 3 and Unit 4 of the syllabus. The examination
accounts for 50% of the total mark. The examination
consists of two papers.

2 apply understanding

3 analyse evidence and identify trends, patterns,

. . . relationships, limitations and uncertainties in data
The QCAA defines ‘examination’ as ‘a supervised test that

assesses the application of a range of cognitions to one or
more provided items such as questions, scenarios and/or
problems’. Students complete their responses individually,
under supervision and in a set time.

4 interpret evidence, analyse and draw evidence-based
conclusions.

The table below outlines key information about each paper. Look at the table
carefully and make yourself familiar with the unique features of each paper.

Examination Papers 1 and 2

Types of items + multiple choice + calculating using algorithms
+ single-word * interpreting using graphs, tables or diagrams
+ sentences » responding to unseen data and/or stimulus

» paragraphs

Syllabus coverage * Units 3 and 4
Assessment objectives 1 describe and explain 3 analyse evidence

2 apply understanding 4 interpret evidence and draw conclusions
Conditions + perusal (reading) time: 10 minutes

+ writing time: 90 minutes

» approved graphics calculator permitted
» seen physics formula and data booklet provided

« constitutes 50% if total assessment

Careful and thorough preparation for the examination may help reduce
some of the anxiety and stress you may experience in the lead-up and during
this assessment. Many students feel that their performance in the examination,
as well as all assessments, is what will define them and determine their future
career paths.

Remember, no matter how you feel about your performance, there is
nothing you can do to change it. If you have not achieved the score that will
gain you entrance into the course for your preferred career path, consider your
options. Investigate different pathways to move towards your goal. Consider
different courses. Seek advice from teachers, and especially your careers
teacher. Sometimes the path to achieve a career goal is less direct.
It is very common and easy for students to become totally ‘consumed’ by
the demands and pressures of their final year of school. But remember, there 0 Engage in positive ‘self-talk’.
is life beyond Year 12.

This guide provides you with practical suggestions and support to prepare
for the examination. The guide takes a year-long approach to your preparation
that includes:

1 consolidating learning—effective learning routines and strategies for use
throughout the year

2 revising and practising—study practices and strategies in the weeks leading up
to the examination

3 sitting the exam—strategies and hints for tackling the examination

4 after the exam—some considerations.
CHAPTER 1 | PHYSICS SKILLS AND ASSESSMENT TOOLKIT el27



0 Time-management is important.

el28

e Use your study time effectively.

e Use your leisure time
effectively.
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1.13 Examination preparation

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» prepare yourself to successfully complete the examination (EA) summative
external assessment.

Understanding the requirements of the course and knowing where to find supporting

resources is a very important beginning. As you work through the syllabus material,

it is also important that you take very good notes from classwork and homework.

These notes will be the foundation of your revision and summary notes, so they

should:

* be thorough, covering all aspects of the syllabus

« focus on key concepts

* be balanced and weighted so that major topics are given greater emphasis than
minor topics

e include examples and applications

e include definitions of key terms

e include questions (and answers that have been checked)

* indicate if you are confident with the content or need some more help with
it—°traffic light’ your work with a green or red highlighter

* Dbe legible so you can easily read them.

CONSOLIDATING LEARNING

Begin study early. It is easy to procrastinate and then find yourself rushing to revise
and study at the last minute. Just-in-time is not a recipe for success. Learning is
more effective if spread over a long period instead of a last-minute cram.

Learning requires discipline over the duration of the course. Repetitive and
frequent revision of the course material helps to reinforce and deepen understanding
and helps embed learning in long-term memory. Studying and revising can be
overwhelming. Revise manageable chunks by dividing your work into smaller
sections or topics.

During the year, get into the habit of revising completed sections of the course.
The revision may be done, for example, at the end of a week, a topic, a chapter or
at intervals that best suit you. Revise work from earlier in the year on a regular basis.
Ask your teacher for copies of any past exams you have done, and use the answer/
marking scheme to help you revise. It is easy to forget information if you don’t keep
revising it.

There are a number of revision strategies you might use. These are outlined
below. Identify your own study strengths—what works best for you—then make
effective use of these strengths.

Use these effective learning routines and strategies throughout the year.

1 Your teacher is your physics expert. He or she is an excellent resource and should
be the first person to consult for support and help. Seek help during classes if
you are struggling to understand concepts. If you encounter problems out of
class time, it is a good idea to write down areas that you are struggling with, and
consult your teacher at a later time. Remember to pinpoint specific concepts or
questions. Ask your teacher to re-explain concepts and ask for more material
and/or questions for practice.



2 Flash cards: make your own flash cards as this consolidates your learning. Each

card is dedicated to a particular idea that could include a:

¢ definition—key term on one side with the definition on the back

* diagram—diagram on one side with a brief explanation on the back

¢ equation/formula—formula on one side with worked example on the back

e graph—graph on one side with summary of results on the back

e question—question on one side and the answer on the back.

Use the cards to test yourself. You can get a friend or family member to test
you. Periodically reading the cards reinforces learning and entrenches concepts in
long-term memory. Flash cards are an excellent tool for subject matter that must be
remembered (Figure 1.13.1).

A(BA
emf:_u emf
At
. - i Feynman Diagram
Faraday’'s = the electromotive force, or )
Law induced voltage, on a - A neutron decaying
conductor (V) into a proton

A(BA)) = change in
magnetic flux (Wb)

At = change in time (s)

Allows you to calculate the
emf, or voltage, induced on a
conductor when the magnetic,
flux changes over time.

Space

Time

FIGURE 1.13.1 Flash cards are an excellent tool for remembering and testing yourself on factual
material.

3 Trigger words: the key words associated with a topic/theme. Trigger words are
useful in helping to generate other related words and ideas. This approach is
helpful in preparing quick drafts to questions and concept maps to summarise
whole topics.

4 Diagrams are useful memory triggers: draw first, explain second.

5 'Test yourself: complete as many questions as possible, to test your learning.
Hand write (not type) your answers. Writing is more valuable practice than just
thinking about your answer. Writing is a good way to memorise material. Re-
member you will need to be able to write for 90 minutes in the allocated writing
time in the exam (not type), and your writing must remain legible.

6 Summarise notes: consider your preferred learning style and take advantage of it
to make revision notes. Summaries serve to help you identify the essential con-
cepts and reinforce the learning. Keep in mind that any study notes you make
are most effective when they are:

* clear

* to the point

* uncluttered.

These are some of the techniques you might apply to make summaries.

¢ Highlight or underline important points as you read your notes or text.

* Create headings or appropriate structures under which to organise dot
points.

* Diagrams are useful to summarise concepts.

e Tables are good for comparisons (e.g. causes/effects, for/against).

* Create summary sheets.

e Use boxes, circles and colour to highlight points on your summary sheets.
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¢ Create ways to remember key points (e.g. mnemonic devices like ROYGBV
for the order of the colours in a rainbow from longest to smallest visible
wavelength: red, orange, yellow, green, blue, violet).

¢ Compile a glossary of new terms. Use your own words, not those taken
straight from the textbook. Your own words cement your understanding and
help you remember new terms.

¢ Use other summary techniques such as scatter diagrams, mind maps or concept
maps. These are all ways of organising key information (Figure 1.13.2).

Elementary particles
matter
I
quarks leptons
hadrons
mesons baryons
nuclei
atoms
molecules

Composite particles

FIGURE 1.13.2 Visual representations in the form of concept maps are effective revision and
study tools. Use a single page to map out the key words and ideas in the topic/chapter; use link
lines to connect words and ideas; write along the link lines to explain the connections. Learning is
consolidated as key concepts are represented in concise ways.

Check there are no gaps in your summary notes.

Use Chapter and Module openers and Module review summaries as a checklist
for the key ideas in a chapter.

¢ Tick those with which you feel confident.

¢ Highlight those you need to revisit.

¢ Re-read relevant sections of text.

¢ Rewrite notes, definitions, equations etc. that you need to consolidate.

Form a small study group with friends. The group can meet face-to-face or on-
line. Discuss and explain key points to each other. If you are struggling with a
difficult concept, try to teach it to a friend. Ask a friend to teach it to you. You
cannot explain something to another person until you have it clear in your own
mind. Teaching and explaining something to someone else makes it clearer to you.
Practice questions—do lots of practice questions. Write down your answers so
that you get practice expressing yourself. Verbalising or thinking the answer is
not the same, and your responses may not always come out the way in writing
the you want them unless you have plenty of practice.

10 Familiarise yourself with the Data Booklet. In the exam, you have access to the

Data Booklet. Make sure that you use the Data Booklet throughout the year, as
needed, to become familiar with when and how to use it. Print yourself a copy
and keep on hand. You will use it more in some topics than in others.



REVISING AND PRACTISING

In the month and weeks leading up to the exam, most if not all the course will have
been taught. Your focus should now shift to studying in preparation for the exam.
You will be at an advantage if you have taken comprehensive notes throughout the
year, made revision summaries, completed practice questions and generally made
every effort to advance your understanding and skills.

Study practices and strategies in the weeks leading up to the examination can
include the following.

Prepare a study timetable

On a study timetable, allocate time to study all the subject matter. The timetable
may include daily study time across all your subjects and may specify sections of
each subject to be covered daily. Although you may not stick strictly to the timetable,
it is a guide to fitting everything in and allocating equal time to different subjects.

Prepare summary notes

You may have been making summary notes of sections of subject matter throughout
the year. It is now time to consolidate all your learning across Units 3 and 4.
Remember that different topics link with each other and it is only when a whole
topic or unit is completed that these links become apparent. The summary notes you
prepared previously can now be collated to serve as the foundation of a summary
of the physics course.

Creating a revision summary

Creating a revision summary of Units 3 and 4 may be approached as follows:

e List all the topics and subtopics in the syllabus, including the subject matter
statements—the chapter opening pages of your Student Book will guide you.
You might choose to prepare a separate table for each topic, and use it to write
your revision notes. The sample shown in Table 1.13.1 allows for key points,
definitions and formulas for each subtopic. This layout may suit some students,
but it may not suit you. Vary the labels and organisation to best suit you. For
example, you may choose to include a column for worked examples and/or
sample questions.

TABLE 1.13.1 A table for summarising and revising Topic 1 of Unit 4

Revision notes
Unit 4 Revolutions in modern physics

Topic 1 Special relativity

Key points * key terms and
definitions
» diagrams
Frame of reference |Inertial frame of reference » a reference frame
that does not
accelerate
Postulates of Speed of light is the same for all » speed of light
special relativity inertial observers, AND laws of physics  « inertial reference
are the same for all inertial observers. frame
Simultaneity Observers in their reference frame + event
may not see events occur at the » simultaneous
same time as an observer in another * inertial reference
reference frame. frame

Time dilation

Length contraction
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Skim through your Student Book and class notes. Identify key sections and
terms. These can be added to your revision chart for later elaboration.
Re-read all your class notes carefully for a section of work. Once you feel you
understand and remember them, put the notes aside. Without referring back to
the notes, start filling in the revision chart. You may need to keep referring back
to your notes. Each re-reading of the notes will reinforce your learning. Create a
manual, not electronic, revision chart. The exam is to be handwritten, so it is a
good idea to practise handwriting your notes as preparation.

Refer to additional resources if there is anything you do not understand. This
might mean checking the Student Book, asking your teacher, researching online
or discussing with classmates. You can keep track of problem areas by writing
questions in the margin of the revision table, highlighting parts of the revision
notes you do not fully understand, or keeping a separate queries sheet.

Use abbreviations and symbols, but remember that only standard symbols
and abbreviations may be used in the physics exam. In order to save time and
space on the revision chart, you can develop your own abbreviations.
Dotpoint notes, visuals, tables and graphs are all useful ways of summarising
information. Use these in your revision table as appropriate. It is often easier to
bring to mind information in these forms than to try to visualise a large block
of text. If you are a visual learner, it may be helpful to colour-code notes to
emphasise different concepts. Rewriting notes, whether in note or visual form,
helps you remember them.

Learn the subject matter. In preparing the revision table, you read and re-
read the subject matter, so your understanding continually improves. Practise
rewriting the revision table without referring to the original one. Try making
a summary of the revision table so that you are focusing on the real essential
concepts. Discuss concepts with classmates to clarify your understanding. Give
the revision chart to a family member and ask them to test you. These are all
strategies that can be used to reinforce your learning.

Practise, practise, practise. Remember the saying ‘practice makes perfect’
and complete as many test and exam papers as are available. Sitting an exam
requires skill and the more practice you have in advance, the more prepared you
will be. Take practice exams in the time limit allocated. Handwrite the answers
to get practice at working quickly, writing your ideas legibly and expressing
yourself clearly. Exam paper practice will show you what you know, but more
importantly, what you do not know and need to revise again.

Traffic light your work. On a list of the subject matter for Units 3 and 4, use
green highlight for those concepts you are very familiar with and can answer
medium to difficult questions on. Highlight in orange those concepts that you
understand but can only answer the easy and some medium level questions. Use
red highlight for those concepts you feel you can only answer basic questions
and need help from your teacher or peers.

The examination consists of two papers. For each paper, make sure you know:
- the time allowance

- the date and time of the exam

- the type of questions to expect

- the equipment and materials you are permitted to take in

- the materials and equipment to be supplied for use in the exam.

Be prepared. Do not cram the night before the exam. Re-read your revision
table to refresh the subject matter that you have been learning over the last few
weeks. Put new batteries into your calculator!



SITTING THE EXAM

Be prepared. Double-check the date, time and place of the exam. Turn up to the
exam with plenty of time to spare. Running late will only stress you before you even
get into the exam room. Remain calm and focused as you enter the room. At this
stage it is too late to worry about your application through the year or your exam
preparation.

There are some strategies to keep in mind in the exam that will improve your
chances of doing well.

Perusal or reading time

Every exam allocates time for candidates to look over the paper. You are not

permitted to pick up pens or pencils at all during this time, not even to write your

identification on the answer booklet. Use this time wisely as it is valuable for you to

get an overview of the paper.

* Check through all the paper quickly.

e Carefully read the instructions and re-read them.

¢ Plan how much time you will allocate to different sections of the paper.

¢ Decide which questions you are going to do in which order—do the easy
questions first so you have more time to complete the harder ones.

e Start reading questions and answer them mentally.

e If a question is difficult, do not dwell on it. Move on to the next question.
Sometimes another question can give clues to questions that appear difficult.

¢ Carefully read each question. In your head, translate into your own words what
you are asked to do.

¢ Consider the marks allocated to each question. Plan to spend more time on
questions that carry more marks.

Writing time
Commence writing as soon as you are permitted to.
Read questions carefully

If you find it helpful, underline key words in the question—this can be a useful
strategy in identifying the focus of the question and giving direction about what is
required in your answer. For questions with parts, read the whole question before
starting to write your answer. This gives an overview of the question. Sometimes
the information in one part of a question will provide a hint for another part.
Avoid repeating the same information in different parts of the same question.

Interpret the questions

Read questions carefully and look for the key verbs, such as ‘explain’, ‘compare’
and ‘determine’, that tell you what you are expected to do. It may be helpful to
highlight or underline key parts of questions. The questions in module, chapter
and unit reviews of your Student and Activity books have been written using verbs
from the syllabus. Practice exams you worked through also developed your skills in
analysing questions. You should therefore be familiar with the style of questioning
and will have had practice at interpreting questions. Make sure your answers
address all parts of the question. Use scientific terms and give your answers to the
correct number of significant figures and with a unit.

Show your working

Show all the steps you took to reach your solution for questions involving
calculations. While there may be an error in one part of the calculation, you may
still score some marks for correct method. Remember to always include the
correct units in answers. Remember to correctly label all graphs (x- and y-axes,
title, units). If you do work that you think is incorrect, simply put an X through it,
instead of spending time erasing it completely.
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Working with data

Read information carefully so that your answers are accurate. For graphs, read the
labels and units on the axes and understand the relationship shown by the graph.
The title of the graph will assist with this. Use a ruler for reading graphical data
accurately. Always give the units as well as the numerical data in your answers.

When looking at tables, read the headings of rows and columns carefully so you
can understand the contents of the table. They usually contain symbols and units
of the data.

Refer to the Data Booklet where appropriate.

You should include the proper units for each number where appropriate. If you
keep track of units as you perform your calculations, it can help ensure that you
express answers in terms of the proper units. Depending on the exam question, you
could lose marks if the units are wrong or are missing from the answer.

Answer all questions

An unanswered question cannot possibly earn you any marks. It is better to take
an intelligent guess that might earn some marks than not to attempt an answer.
When you have completed an answer, re-read the question. Check that you have
addressed the question. An answer that includes correct information but does not
answer the question will not earn any marks.

Many free-response questions are divided into parts such as a, b, c and d, with each
part calling for a different response. Credit for each part is awarded independently,
so you should attempt to solve each part. For example, you may receive no credit for
your answer to part a, but still receive full credit for parts b, ¢, or d. If the answer to a
later part of a question depends on the answer to an earlier part, you may still be able
to receive full credit for the later part, even if that earlier answer is wrong.

Use the answer sheet

Some examinations will require you to complete a separate answer sheet for the
multiple-choice questions. If your examination does, make sure that you mark
your answers on this sheet, not only on the question paper. If you make an error,
erase it carefully before filling in a new answer.

Answer writing tips

e Do not rewrite the stem of a question to answer the question. You can deceive
yourself by feeling you’ve filled up the allocated space, without actually answering
the question!

e Answer questions simply and concisely. Sometimes an answer is simply a one-
word answer or a numerical reading from a graph. Where possible, use standard
phrases that neatly encapsulate meanings rather than wordy explanations.

Examples:
- equilibrium
- refraction
- Standard Model
- Twin Paradox
¢ Never try for an each-way bet!
Example:
- Question: State the number of quarks that comprise a meson.
- Answer: 2 or 3.
* Don’t give extra information. This is unnecessary and can lead to irrelevant
or even contradictory information; it is also inefficient use of time.
« Answer the question being asked. Providing accurate information that
doesn’t address the question doesn’t attract a score.
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Example:
Question: Explain how Lenz’s law is consistent with the principle of conservation
of energy.
Answer 1: Lenz’s law describes the direction of an induced current in a
conductor. No score.
Answer 2: Lenz’s law makes sure that the induced current produced does so in
a way to counterbalance the energy loss or gain that created the induced current
in the first place. Scores.

e If a question asks for an explanation, a single, short sentence answer will not be
enough!
Example:
Question: Explain how Kepler’s third law can be used to determine the mass of
the Sun.
Answer 1: By using period and distance. No score.
Answer 2: The square of the period divided by the cube of the average orbital
radius for each planet in our solar system is equal to a constant. That constant
contains the mass of the Sun as a factor. Scores.

* Be clear about what you mean. There should be no room for interpretation!
Example:

- The direction of force in a mass moving in a circle is perpendicular to the
other vectors. No score.

- A perpendicular force on a moving object will cause the object to move in a
different direction to the original direction it was moving in before the force
was applied. No score.

- A force directed at right angles to the direction of motion will cause the object
to start moving in a circle. Scores.
e Use the number of lines provided as a guide about how much to write.
¢ Use the number of marks allocated to a question or part of a question as a
guide about how many points to make. Consider whether you can add more
details, clearer explanations, or make corrections to answers.
¢ Pay attention to spelling.
* Never leave blanks!
» Easier questions could be completed first.
Multiple-choice questions are designed to make you select between very similar
items. Read all options carefully. If unsure which option is correct, identify those
that are wrong. Answer every multiple-choice question, even if all you can do is
guess. You should answer each multiple-choice question before you move on to the
next one. You can mark a question to come back to later if you have time but you
should still fill an answer before you move on. You should allow just over a minute
for each question. If the question takes longer than that, take a guess and move on.

Difficult questions

If you find a question particularly difficult, skip it. Come back to it later if you
have time.

You should not use the ‘scattershot’ or laundry list’ approach—writing answers
with as many equations or lists of terms as you can, hoping that the correct one will
be among them, so that you can get partial credit. For questions that ask for two
or three examples or equations, only the first two or three examples will be scored.

Mental blocks

Sometimes in conditions when you are under pressure, your mind can go blank.
The information is there but temporarily not available to you. Take a few deep,
slow breaths. Go back to the question. Try to visualise your notes on the revision
tables you created. If this does not work, move on to another question and return
to this question later.
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Remember:

¢ You can only be asked about
information that is included in
this course!

e The exam is your opportunity
to showcase your knowledge of
this subject.
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Rechecking answers

If you have time, return to questions that you are unsure of. There is no need to
check all answers if you run out of time. Re-read each question when you have
finished answering—this will help you to be sure that you:

e have addressed every part of the question
* haven’t made an error that could change the meaning of your response.

Stay for the allocated time

Never leave the exam early. Exams are generally designed to take the full writing
time allocated to them. If you finish early, recheck for anything you may have missed.
Check for blank pages and both sides of the page to make sure you haven’t missed
anything! Count the number of questions you have answered against the number
listed on the front of the exam.

Don’t skip a question, have a guess—no marks will be deducted for an incorrect
answer but you may pick up marks for a partial response. Also, if you’re unsure of
a multiple-choice answer, try to eliminate one or more of the options then have a
guess. You may be lucky!

Ignore students who leave the exam early. Just because they leave early does not
mean they performed well. It often indicates they did not study enough and do not
know the subject matter.

AFTER THE EXAMINATION

Once you have left the exam room, avoid talking to other exam candidates.
Everyone has an opinion of their own personal performance. Listening to others
can be unsettling. Whether you feel you performed well or are disappointed with
your performance, it is now beyond your control. Remain calm. It is one exam
result, in one subject, in one year of your life. No matter what happens, there are
plenty of career pathways to pursue.



UNIT

Gravity and
electromagnetism

Gravity and motion
Electromagnetism
Unit 3 objectives

Students will:

describe and explain gravity and motion, and electromagnetism

apply understanding of gravity and motion, and electromagnetism
analyse evidence about gravity and motion, and electromagnetism
interpret evidence about gravity and motion, and electromagnetism
investigate phenomena associated with gravity and motion, and
electromagnetism

evaluate processes, claims and conclusions about gravity and motion, and
electromagnetism

communicate understandings, findings, arguments and conclusions about
gravity and motion, and electromagnetism.
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CHAPTER

@ Vectors and projectile motion

Objects in our environment often move in three-dimensional space. Every time

a ball is thrown, bowled, kicked or hit in a sporting event, every time a skier or
motorcyclist goes over a jump, and every time a projectile such as an arrow or
artillery shell is fired, the motion can be analysed.

Chapter 6 of Pearson Physics 11 Queensland introduced straight-line motion and
how vectors can be used as tools to analyse motion in one dimension. This chapter
extends that and explores using vectors in two dimensions to analyse more
complex motions.

Vectors allow motion to be divided into components at right angles (90°) to each
other. For projectiles near the surface of Earth, the vertical component of motion
is accelerated due to Earth’s gravitational field, while the horizontal component of
velocity does not undergo acceleration. Projectile motion is the branch of physics
that studies this kind of motion, and is applied to a very wide range of sporting,
gaming, military and other activities.

Syllabus subject matter
Topic 1 ¢ Gravity and motion
B VECTORS

« use vector analysis to resolve a vector into two perpendicular components

+ solve vector problems by resolving vectors into components, adding or
subtracting the components and recombining them to determine the resultant
vector.
PROJECTILE MOTION
recall that the horizontal and vertical components of a velocity vector are
independent of each other

apply vector analysis to determine horizontal and vertical components of
projectile motion

solve problems involving projectile motion.
MANDATORY PRACTICAL 1

Conduct an experiment to determine the horizontal distance travelled by an
object projected at various angles from the horizontal.

Physics 2019 v1.2 General Senior Syllabus
© Queensland Curriculum & Assessment Authority
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ﬂ Vectors require magnitude,
units and direction to make
sense. Some examples of vectors
include displacement, velocity,
acceleration and force. Arrows
are used to represent vectors,
where the length of the vector is
proportional to the magnitude of
the vector, and the direction of
the arrow indicates the direction
of the vector.

2.1 Vectors in two dimensions

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» describe two-dimensional vectors in the horizontal and vertical planes.

In Units 1 and 2, you learnt the difference between scalars and vectors, and explored
vectors in one dimension. When vectors are in one dimension, it is relatively simple
to understand direction. However, some vectors will require a description in a two-
dimensional plane. These planes could be:
* horizontal, which can be defined using north, south, east and west
» vertical, which can be defined in a number of ways including up, down, left and
right.
The description of the direction of these vectors is more complicated. Therefore,
a more detailed convention is needed for identifying the direction of a vector. There
is a variety of conventions, but they all describe a direction as an angle from a
known reference point.

HORIZONTAL PLANE

The horizontal plane is one that is looked down on from above. Examples include
looking at a house plan or map placed on a desk.

For a horizontal, two-dimensional plane, two common methods are used to
describe the direction of a vector: full circle (or true) bearing and quadrant bearing.
e Afull circle (or true) bearing describes north as zero degrees true. This is written

as 0°T. In this convention, all directions are given as a clockwise angle from

north. As an example, 95°T is 95° clockwise from north.
¢ In a quadrant bearing, all angles are referenced from either north or south and
are between 0° and 90° towards east or west. In this method, 30°T becomes

N30°E, which can be read as ‘from north turn 30° towards east’.

Using these two conventions, north-west (NW) would be 315°T using a full
circle bearing, or N45°W using a quadrant bearing. Figure 2.1.1 demonstrates
these two methods.

north-west or North north-east or
315°T or 4N54;;Er
N45°W
45° | 45°
West \J East
315°
South

FIGURE 2.1.1 Two horizontal vector directions, viewed from above, using full circle bearings and
quadrant bearings
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VERTICAL PLANE

For a vertical, two-dimensional plane the directions are referenced to vertical
(upwards and downwards) or horizontal (left and right) and are between 0° and
90° clockwise or anticlockwise. For example, a vector direction can be described as
‘60° clockwise from the left direction’. The same vector direction could be described
as ‘30° anticlockwise from the upwards direction’. The opposite direction to this
vector would be ‘60° clockwise from the right direction or 30 degrees anticlockwise

from the downwards direction’. This example is illustrated in Figure 2.1.2.

Worked example 2.1.1

DESCRIBING TWO-DIMENSIONAL VECTORS

left

Describe the direction of the following vector using an appropriate method.

up

70°

right

down

Thinking

Working

Choose the appropriate points to

this case using the vertical reference
makes more sense, as the angle is
given from the vertical.

reference the direction of the vector. In

The vector can be referenced to the
vertical.

Determine the angle between the
reference direction and the vector.

In this example there is 70° from the
upwards direction to the vector.

Determine the direction of the vector
from the reference direction.

From vertically up, the vector is
clockwise.

Describe the vector using the
sequence: angle, clockwise or
anticlockwise from the reference
direction.

This vector is 70° clockwise from the
upwards direction.

>» Try yourself 2.1.1

DESCRIBING TWO-DIMENSIONAL VECTORS

left

Describe the direction of the following vector using an appropriate method.

up

507 right

down

30° anticlockwise from the upwards direction
or

60° clockwise from the left direction

up

30°

60°

left right

60°

30°

down

60° clockwise from the right direction
or

30° anticlockwise from the downwards direction

FIGURE 2.1.2 Two vectors in the vertical plane
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2.1 Review

» For a horizontal two-dimensional plane, the
direction of a vector can be described using:

- a full circle (or true) bearing (e.g. 315°T)
- aquadrant bearing (e.g. N45°W).
» For a vertical two-dimensional plane, the direction
of a vector can be described using:
- upwards and downwards
- left and right

KEY QUESTIONS

E Retrieval

.1 State two ways in which a horizontal two-dimensional
. vector can be described.

.2 Identify two things needed to describe the direction of
E a vertical two-dimensional vector.

' 3 State the opposing direction to each of the following

! two-dimensional descriptions.

: a up
. b north

' c left

' d down

E e west

' 4 State another way of describing the direction 270°T.

Comprehension

5 Describe the following vectors using:
i full circle bearings
ii quadrant bearings.

a north

west east

- an angle between 0° and 90° clockwise or
anticlockwise (e.g. 60° clockwise from the left
direction or 30° anticlockwise from the upwards
direction).

The direction of two-dimensional vectors in the

horizontal plane can be described using a full

circle bearing or a quadrant bearing. Vectors in

the vertical plane can be described using angles
measured clockwise and anticlockwise from the
vertical or horizontal.

b north

west east
60°

south

Describe the following vector using appropriate
conventions.

up

left «—30°

right

down
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2.2 Adding vectors in two dimensions

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» add vectors in two dimensions
- graphically using a scale and a protractor
- geometrically using trigonometry or Pythagoras.

In Pearson Physics 11 Queensland you learnt how to add vectors in one dimension.
Adding vectors that are in one dimension means finding the resultant vector for
a number of vectors that are in the same line. This technique can be applied both
graphically and algebraically.

It is also possible to find the resultant of two or more vectors that are in two
dimensions. The vectors can be in any direction, as long as they are all in the same
plane. In two dimensions, simple algebra cannot be used to add vectors. Instead,
geometry must be used. In this section, you will learn how to add vectors in two
dimensions graphically or using geometry.

METHODS OF ADDING VECTORS IN TWO DIMENSIONS

To add vectors in two dimensions, all of the vectors must be in the same plane. The
vectors can go in any direction within the plane, and can be separated by any angle.
The examples in this section illustrate vectors in the horizontal plane, but the same
strategies apply to adding vectors in the vertical plane.

The direction conventions that suit the horizontal plane best are the north, south,
east and west convention, or the forwards, backwards, left and right convention
(Figure 2.2.1).

north forwards

west east left right

south backwards

FIGURE 2.2.1 The direction conventions for the horizontal plane

Graphical method of adding vectors

The magnitude and direction of a resultant vector can be determined by measuring
an accurately drawn scaled vector diagram. There are two main ways to do this:

* head to tail method

e parallelogram method.

Head to tail method

To add vectors at right angles to each other using a graphical method, use an
appropriate scale and then draw each vector head to tail. The resultant vector is
the vector that starts at the tail of the first vector and ends at the head of the last
vector. To determine the magnitude and direction of the resultant vector, measure
the length of the resultant vector and compare it to the scale, then measure and
describe the direction appropriately.
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In Figure 2.2.2, the vectors 30.0m east and 20.0m south are added head to
tail. The resultant vector, shown in red, is measured to be about 36 m according
to the scale provided. Using a protractor, the resultant vector is measured to be in
quadrant bearings.

the direction 34° south of east. This represents a direction of S56°E when using

30.0 m east
N I t t i
W<-1-> E
S

20.0 m south
P R=36m
10 m

%0 g
Uiy, 911 01 06

e\
o0t

» 08
by ol

FIGURE 2.2.2 Two vectors can be added at right angles using the graphical method.

If the two vectors are at angles other than 90° to each other, the graphical
method is ideal for finding the resultant vector. In Figure 2.2.3, the vectors 15N

east and 10N S45°E are added head to tail. The magnitude of the resultant vector
is measured to be about 23 N. The direction of the resultant vector is measured by a

protractor from east to be 18° towards the south, which should be written as S72°E.

15 N east
N k t t J
W<—1—>E
S

10 N S45°E
R=23N
| —
5N

o 110

(N

L
\\\ | o
0|

\ I
) ‘0——

\K\\\“\

< N
05\/\\ %
7

S
[/ ) ,,/Qc,/g/
-/ A S
N T
7% g 001 ¢
4, OIT e —ob
Uy, 11001 06 0
/[11/1//1///1[

= N
3 W
ol m\m\\\\“\\“\ E18°S

FIGURE 2.2.3 Two vectors not at right angles are added using the graphical method
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Parallelogram method

An alternative method for determining a resultant vector is to construct a
parallelogram of vectors. In this method, the two vectors to be added are drawn tail
to tail. Next, a parallel line is drawn for each vector as shown in Figure 2.2.4. In
this figure, the parallel lines have been drawn as dotted lines. The resultant vector
is drawn from the tails of the two vectors to the intersection of the dotted parallel
lines. The magnitude and direction of the resultant vector are then measured using
a ruler and a protractor.

FIGURE 2.2.4 Two vectors can be added using the parallelogram of vectors method.

Geometric method of adding vectors

Graphical methods of adding vectors in two dimensions only give approximate
results as they rely on comparing the magnitude of the resultant vector to a scale
and measuring the direction with a protractor. A more accurate method to resolve
vectors—i.e. to find their components in two perpendicular directions—is to
use Pythagoras’ theorem and trigonometry. These techniques are referred to as
geometric methods. Geometric methods can be used to calculate the magnitude of
the vector and its direction. Pythagoras’ theorem and trigonometry can only be used
for finding the resultant vector of two vectors that are at right angles to each other.

In Figure 2.2.5, two vectors, 30.0m east and 20.0m south, are added head to
tail. The resultant vector, shown in red, is calculated using Pythagoras’ theorem to
be 36.1 m. The angle between the east vector and the resultant vector is calculated
using trigonometry to be 33.7° i.e. in the direction S56.3°E. This result is more
accurate than the answer determined on page 8.

N
W<—£—>E
S

A=a*+ b?

30.0 m east

20.0 m south

20.0
2 — 2 2 _ =
R*=30.0*+ 20.0 tan 0 = 300
=900 + 400 6 = tan™' 0.6667
R =1/1300 =33.7°
=36.1m E33.7°S (or S56.3°E)

FIGURE 2.2.5 Two vectors at right angles can be added using the geometric method.

0 Pythagoras’ theorem

Pythagoras’ theorem is a?+b’=c?
where c is the hypotenuse (the
longest side) and a and b are the
two shorter sides of a right-angled
triangle. The hypotenuse is easily
recognised as it is directly across
from (opposite) the right angle of
the triangle.

€ Trigonometric ratios

Most students learn the mnemonic
SOHCAHTOA in their maths
classes. It is often pronounced
soh-cah-toa and provides a way

to remember the trigonometric
ratios:

sin = opposite
hypotenuse

cosO = adjacent
hypotenuse

tan@ = opposite

adjacent
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Worked example 2.2.1

ADDING VECTORS IN TWO DIMENSIONS USING GEOMETRY

Determine the resultant displacement vector that represents a child running
25.0m west and 16.0m north. Refer to Figure 2.2.1 on page 7 for sign and
direction conventions if required.

Thinking

Working

Construct a vector diagram
showing the vectors drawn
head to tail. Draw the
resultant vector from the tail
of the first vector to the head
of the second vector.

N
W<-£—> E
S 16.0 m north

(4

25.0 m west

As the two vectors to be

R? = 25.0% + 16.0°

added are at 90° to each =625 + 256

other, apply Pythagoras’ R = 881

theorem to calculate the

magnitude of the resultant =29.7m

vector.

Using trigonometry, calculate | tang = 160

the angle from the west 250

vector to the resultant vector. 6 =tan"'0.640
=32.6°

Determine the direction of
the vector relative to north or
south.

90° - 32.6°=57.4°
The direction is N57.4°W.

State the magnitude and
direction of the resultant
vector.

R =29.7m, N57.4°W

>» Try yourself 2.2.1

ADDING VECTORS IN TWO DIMENSIONS USING GEOMETRY

a tree.

Determine the resultant force when forces of 5.0N east and 3.0N north act on

Refer to Figure 2.2.1 on page 7 for sign and direction conventions if required.
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2.2 Review

SUMMARY

Two-dimensional vector addition refers to vectors in
a plane.

Vectors in two dimensions can be added graphically
with a scale and a protractor.

KEY QUESTIONS

Retrieval

1

Module 2.2 describes two approaches to finding the
sum of two vectors: using Pythagoras’ theorem and
geometry to resolve them by calculation, and using
a carefully constructed diagram to resolve them
graphically. While both work in any situation, state
which would be more convenient for resolving two
vectors that are at a 38° angle to each other.

Describe, using a number and the appropriate unit, the
resultant force acting on a book on a chair. The book

is acted on by a 20.0N force downwards and a 20.0N
upwards, as well as a 10.0N force towards the back

of the chair from someone pushing on itand a 10.0N
force forwards on the book from the back of the chair
it is sitting on.

* An alternate method of adding vectors in two
dimensions is to construct a parallelogram of
vectors.

» Perpendicular vectors in two dimensions can be
added using Pythagoras’ theorem and trigonometry.

Comprehension

3 Sketch and state the resultant force when a 33N force
acting horizontally and a 28N force acting at 45°
above the horizontal act on an object. Determine the
resultant vector.

Analysis

4 Calculate the magnitude of the total force acting

5

on an object if it has a gravitational force of 30.0N
downwards acting on it and a force due to a strong
wind of 8.0N is acting eastwards on it.

Calculate the resultant distance travelled and the
displacement, d, if David walks 210.0km east and then
turns right and walks 87.0 km south.

CHAPTER 2 | VECTORS AND PROJECTILE MOTION
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| didn't want to never let
you not do nothing when
subtracting negative
numbers

6 When a change in a vector
occurs, the magnitude and/or
the direction of the vector can
change.

0 A change in any quantity, Ax, is

12

always given by the final value of
X; minus the initial value of x;:

AX = X; — X

2.3 Subtracting vectors in one and
two dimensions

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» subtract vectors in two dimensions
- graphically using a scale and a protractor
- geometrically using trigonometry or Pythagoras.

In Pearson Physics 11 Queensland you also learnt how to subtract vectors in one
dimension. To find the difference between two vectors, you must subtract the initial
vector from the final vector. To do this, work out which is the initial vector, then
reverse its direction and add the vectors together graphically or algebraically.

In two dimensions, simple algebra cannot be used to subtract vectors. Instead,
geometry must be used. In this section, you will learn how to subtract vectors in two
dimensions graphically or using geometry.

SUBTRACTING VECTORS IN TWO DIMENSIONS

Changing velocity in two dimensions can occur when turning a corner, such as
walking at 3ms™' west and then turning to travel at 3ms™' north. Although the
magnitude of the velocity is the same, the direction has changed.

A change in velocity in two dimensions can be determined using either the
graphical method or the geometric method described in Module 2.2. The initial
velocity must always be reversed before it is added to the final velocity.

The two-dimensional direction conventions were introduced in the previous
section in Figure 2.2.1 on page 7.

Graphical method of subtracting vectors
To subtract vectors using the graphical method, use a direction convention and a
scale and draw each vector.

Using velocity as an example, the steps to do this are as follows:

e Draw the final velocity first.

* Draw the opposite of the initial velocity head to tail with the final velocity vector.

¢ Draw the resultant change in velocity vector, starting at the tail of the final velocity
vector and ending at the head of the opposite of the initial velocity vector.

e Measure the length of the resultant vector and compare it to the scale to
determine the magnitude of the change in velocity.

e Measure an appropriate angle to determine the direction of the resultant vector.

Figure 2.3.2a shows the velocity vectors for travelling 3ms™! west and then
turning and travelling 3 ms ' north. The opposite of the initial velocity is drawn as
3ms™! east.

To determine the change in velocity, the final velocity vector is drawn first,
then from its head the opposite of the initial velocity is drawn (Figure 2.3.2Db).
The magnitude of the change in velocity (resultant vector) is shown in red. It is
measured to be about 4.3ms™! according to the scale provided. Using a protractor,
the resultant vector is measured to be in the direction N45°E.

Geometric method of subtracting vectors

The graphical method of subtracting vectors in two dimensions only gives
approximate results, as it relies on comparing the magnitude of the change in
velocity vector to a scale and measuring its direction with a protractor.
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N v,=3ms™ north
W E
T v, =3 ms™ west
S
f } } |
P 1 —-v,=3ms" east
Ims!
b 3ms™! east

| |

M,
Jfé ! 7y %

_ \?0
,9,172; 169 30

3ms! north
Av=43ms’!

(b) Subtracting two vectors at right angles, using the graphical method.

A more accurate method for subtracting vectors is to use Pythagoras’ theorem
and trigonometry.

Figure 2.3.3 shows how to calculate the resultant velocity when changing from
25.0ms™! east to 20.0ms™' south. The initial velocity of 25.0ms™" east and the final
velocity of 20.0ms™' south are drawn. Then the opposite of the initial velocity is
drawn as 25.0ms ™" west. The final velocity vector is drawn first, then from its head the
opposite of the initial velocity is drawn. The resultant velocity vector, shown in red, is
calculated using Pythagoras’ theorem to be 32.0ms ™. The direction of the resultant
vector is calculated using trigonometry to be S51.3°W.

The resultant vector is 32.0ms ™ S51.3°W.

N v,=25.0ms" east
W ~—1—> E v,=20.0 m s south
—v,=25.0m s west
S
0
Av
v,=20.0 m s~ south
r
—v,=25.0 m s west
25.0
2 — 2 2 _ =
R*=25.0>+20.0 tan 0 = 20.0
=625 + 400 0 =tan"' 1.25
R=1/1025 =51.3°
=32.0ms"! S51.3°W

FIGURE 2.3.3 Subtracting two vectors at right angles, using the geometric method
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Worked example 2.3.1

SUBTRACTING VECTORS IN TWO DIMENSIONS USING GEOMETRY

16.6ms ! north.

Determine the change in velocity of Clare’s scooter as she turns a corner if she approaches it at 18.7ms™! west and exits at

Thinking Working
Draw the final velocity vector, v,, and the initial velocity ;
vector, v;, separately. Then draw the initial velocity in the N v,=18.7m s west
opposite direction. W $ £ v =16.6 m s north
: —v,=18.7m s east
S

Construct a vector diagram drawing v, first and then from
its head draw the opposite of v;. The change of velocity
vector is drawn from the tail of the final velocity to the
head of the opposite of the initial velocity.

N
W<-1-> E
S —v,=18.7m s east

]

v,=16.6 m s north A
v

As the two vectors to be added are at 90° to each other,
apply Pythagoras’ theorem to calculate the magnitude of
the change in velocity.

R?=16.6% + 18.72
=275.26 + 349.69

R = \/625.25
=25.0ms!

Calculate the angle from the north vector to the change in
velocity vector.

187
ne = —/
tanf 16.6

o=tan! 1.16
=48.4°

State the magnitude and direction of the change in
velocity.

Av =25.0ms™t N48.4°E

>» Try yourself 2.3.1

SUBTRACTING VECTORS IN TWO DIMENSIONS USING GEOMETRY

6.0ms™! east.

Determine the change in velocity of a ball as it bounces off a wall. The ball approaches at 7.0ms™ south and rebounds at
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2.3 Review

SUMMARY

» To find the difference between, or the change in, * Vector subtraction in two dimensions can be
vectors, subtract the initial vector from the final determined:
vector. - graphically using a scale and a protractor
» Vectors are subtracted by adding the negative, or - geometrically using Pythagoras’ theorem and
opposite, of a vector. trigonometry.
1 State whether the following is true or false: To subtract a turn after taking off, changing its velocity from
vector B from vector A, we change the sign of vector A 345ms " south to 406ms™ west.
and add the resulting vector to vector B. 6 Calculate the change in the velocity of a golf ball that
Comprehension Yvette hits and, when it strikes a tree, changes its

; -1 -1
2 Describe the steps for subtracting a distance of 20km velocity from 42.0ms™ east to 42.0ms™ north.

left from 17 km upwards. 7 Calculate the change in the velocity of a yacht that
tacks during a race, changing its velocity from

Analysis 7.05ms™* south to 5.25ms™* west.

3 Calculate the resultant force when a force of 27 N west
is subtracted from a force of 18N north.

i Retrieval 5 Calculate the change in the velocity of a jet that makes |
E 4 Tom hits a tennis ball against a wall. The ball travels E
: towards the wall at 35.0ms™ at an angle of 45° !
: upwards, and rebounds at 32.5ms™! at an angle of 45° !
! upwards. Calculate the change in velocity of the ball. '
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F F =Fsin 6

F, = Fcos 0

FIGURE 2.4.2 The perpendicular components
(shown in red) of the original vector (shown in
blue). The original vector is the hypotenuse of
the triangle.

0 You may see the vertical
component described as F, with
v meaning vertical, or as Fy with
y meaning y-axis. Likewise, you
may see the horizonal component
described as F;, with h meaning
horizontal, or F, with x meaning
X-axis.

2.4 Vector components

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» resolve vectors into their components in two perpendicular directions

» use geometrical methods to resolve vectors into their components

» use trigonometry to resolve vectors into their components

» combine vectors in two perpendicular directions to find a resultant vector.

Modules 2.2 and 2.3 explored how vectors can be combined to find a resultant
vector. In physics there are times when it is useful to break one vector up into two
vectors that are at right angles to each other. For example, if a force vector is acting
at an angle up from the horizontal (Figure 2.4.1), this vector can be considered to
consist of two independent vertical and horizontal components.

The components of a vector can be found using trigonometry.

“

\

vertical
component

20°

horizontal component

FIGURE 2.4.1 The pulling force acting on the cart has a component in the horizontal direction and a
component in the vertical direction.

FINDING PERPENDICULAR COMPONENTS OF A VECTOR

Vectors at an angle are more easily dealt with if they are broken up into perpendicular
components, that is, two components that are at right angles to each other. These
components, when added together, give the original vector. To find the components
of a vector, a right-angled triangle is constructed with the original vector as the
hypotenuse. This is shown in Figure 2.4.2. The hypotenuse is always the longest
side of a right-angled triangle and is opposite the 90° angle. The other two sides of
the triangle are each shorter than the hypotenuse and form the 90° angle with each
other. These two sides are the perpendicular components of the original vector.

Geometric method of finding vector components

The geometric method of finding the perpendicular components of vectors is to
construct a right-angled triangle using the original vector as the hypotenuse. The
magnitude and direction of the components are then determined using trigonometry.
A good rule to remember is that no component of a vector can be larger than the
vector itself. In a right-angled triangle, no side is longer than the hypotenuse. The
original vector must be the hypotenuse and its components must be the other two
(shorter) sides of the triangle.
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Figure 2.4.3 shows a force vector of 50.0N (drawn in black) acting on a box
in a direction 30.0° up from the horizontal to the right. The horizontal and vertical
components of this force must be found in order to complete further calculations.

F=500N

30.0°

vertical

horizontal

FIGURE 2.4.3 A force vector is broken into horizontal and vertical components.

The horizontal component vector is drawn from the tail of the 50.0N vector
towards the right, with its head directly below the head of the original 50.0 N vector.
The vertical component vector is drawn from the head of the horizontal component

to the head of the original 50.0N vector.

Using trigonometry, the horizontal and vertical components of the force are

calculated as follows:

Horizontally:
cos O = adjacent
hypotenuse

adj = hypcos 6
F, =50.0 X cos30.0°
= 43.3 N horizontally to the right

Vertically:
sin @ = _opposite
hypotenuse

opp = hypsin 8
F,=50.0 x sin30.0°
= 25.0N vertically upwards

Worked example 2.4.1
CALCULATING THE PERPENDICULAR COMPONENTS OF A FORCE
Determine the perpendicular components of a 235N force acting on a bicycle at
a direction of 17.0° north of west. Use direction conventions.
Thinking Working
Draw Fy, from the tail of the 235N N F=235N
force along the horizontal direction, W ,$, E Fy _
then draw Fy from the head of f, to S . 17.0°
the head of the 235N force. ! F,
Calculate the west component of the cos @ = adjacent
force F using hypotenuse
cos @ = _2djacent adj = hypcos 6
hypotenuse
Fw=235xco0s17.0°

=225N west
Calculate the north component of the | gin g = _opposite
force Fy using hypotenuse
sin @ = _opposite opp = hypsin @

hypotenuse Fy = 235 x sin 17.0°
=68.7N north
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>» Try yourself 2.4.1
CALCULATING THE PERPENDICULAR COMPONENTS OF A FORCE

Determine the perpendicular components of a 3540N force acting on a trolley
in a direction of 26.5° anticlockwise from the left. Use direction conventions.

So far in this chapter we have generally added and subtracted vectors that are
at right angles to one another. Resolving vectors into their components in two
directions at right angles to each other can also allow us to add and subtract vectors
that are not at right angles to one another.

Worked example 2.4.2
ADDING VECTORS THAT ARE NOT PERPENDICULAR

Resolve the two vectors in this figure into their components in the horizontal and
vertical directions and then add them to find the resultant.

Thinking Working
Taking the 10.0N vector first, the Fup = 10.0sin25.0° = 4.23 N upwards
components will be given by: Frignt = 10.0c0825.0° = 9.06 N right
10N
Fright = Fjgcos & F,
25°
F

right

Taking the 5.00N vector second, the Fyp =5.00sin(-40.0°) = -3.21 N upwards

components will be given by: Frignt = 5.000s (-40.0°) = 3.83 N right
Fup:Fssinec’ F.
right
Fright = F5 COS@° 400
As the angle is below the horizontal,
we write it with a negative sign. 5N | F

up

Next we can add the components in Fup=4.23 +(-3.21) = 1.02N upwards
each direction. Frignt = 9.06 + 3.83 = 12.89N right

Finally, we use Pythagoras’ theorem Fot = )2 + (F. ht)z
net — up rigl

to calculate the magnitude.
= V1022 +12.89?

=13N

Use trigonometry to calculate the 0 = tan-1 (ﬂ) — 4.52°
angle of the resultant force vector. 1289
The resultant force is 12.9N right, 4.52°

up (or 12.9N at 4.52° to the horizontal).
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>» Try yourself 2.4.2
ADDING VECTORS THAT ARE NOT PERPENDICULAR

14.0km N33.0°E.

Calculate the sum of a displacement of 20.0km north and a displacement of

2.4 Review

» Vectors can be resolved into two perpendicular
components.

+ Components can be horizontal and vertical or in the
x and y directions, or in two other named directions,
such as north and east.

KEY QUESTIONS

Retrieval

1 Name the theorem used to find the magnitude when
two perpendicular vectors are added.

Comprehension

2 Calculate the value of x in this figure.

R =50 m north
60° east

Analysis

3 Aforce of 3000N is acting at 40 degrees west of
south. Calculate the magnitude of the southwards
component of this force.

4 Calculate the change in Zehn'’s position down the field
and across the field, when Zehn walks 47.0m in the
direction of S66.3°E across a hockey field.

5 Calculate the force that each tug boat applies to a
cargo ship in the following situation. The cargo ship
has two tugs attached to it by ropes. One of the tugs
is pulling directly north, while the other tug is pulling
directly west. The pulling forces of the tugboats
combine to produce a total force of 235000N in a
direction of N62.5°W.

» Trigonometry is used to resolve vectors into their
components.

« Components of different vectors in the same
direction can be added or subtracted.

« Perpendicular vector components can be
recombined to find a resultant vector.

6 Determine the perpendicular components of the
following forces. In part d, use the horizontal and
vertical directions.

a 100.0N S60.0°E

b 60.0N north

¢ 300.0N 160.0°T

d 3.00 x 10°N 30.0° upwards from the horizontal

7 Calculate the horizontal and vertical components of
a 30.00N force that is applied along a rope at 60.0°
to the horizontal and used to drag an object across
a yard.

8 Calculate the horizontal and vertical components of
following force vectors acting on the same object and
add them to find the resultant force acting on the
object: 28N at 18° to the horizontal and 17N at 168°
to the horizontal (i.e. left and slightly upwards if we use
the convention that right is the positive direction).

CHAPTER 2 | VECTORS AND PROJECTILE MOTION
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describe the interaction of acceleration and velocity in projectile motion

» understand that the vertical component of motion and the horizontal
component of motion are independent of each other

» resolve projectile motion into vectors in the horizontal and vertical directions

» complete calculations of distances, heights and times for projectile motion.

........................................................................................

THE FLIGHT OF A BALL

Rarely does a ball travel in a straight line on the sports field. Whether it is due to the
spin on the ball caused by a racquet, the dimples of a golf ball breaking air flow or the
wind catching a netball and pulling it off course, the flight of any two balls is rarely
the same. The path of the ball can be difficult to predict, even for the experienced
sportsperson. However, there are some things that every sports ball will have in
common while in flight. Once a theoretical understanding of the ideal flight of a ball
is understood, the effects of air resistance, drag and spin can be investigated.

In this module, you will apply the equations of straight line motion and your
understanding of acceleration under the force of gravity to investigate the flight of
projectiles.

Investigating movement in two dimensions

Analysing the flight of a ball, or any object in flight, involves considering the
movement of the object in both the horizontal and the vertical directions. For
example, consider the bouncing ball in Figure 2.5.1. The ball is bouncing up and
down as well as moving sideways.

Figure 2.5.1 shows a single bounce of a ball across a smooth flat surface. The
circles represent the position of the ball at equal time intervals during the bounce.
The arrows at each position give an indication of how the vertical and horizontal
position of the ball changes at each point throughout the bounce. So, for example,
the biggest change in vertical position is near the start and end of the bounce.

y

X

FIGURE 2.5.1 The path of a bouncing ball, from left to right, with arrows showing the changes in its
vertical and horizontal position
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The bounce shown in Figure 2.5.1 can be further analysed by plotting the
horizontal and vertical positions of the ball on separate graphs. The change in the
position of the ball from the start of its motion (the origin) is shown in Figure
2.5.2. Graph (a) shows the horizontal displacement and graph (b) the vertical
displacement from the origin. Note that the origin of the graph has been established
on the left of the field of view. As the ball bounces towards the right, the horizontal
position increases as the ball moves further from the origin. Height on the graph
increases as the ball moves up and decreases as it moves down.

a Y} Horizontal position of the ball b Y} vertical position of the ball

X-position (m)
y-position (m)

FIGURE 2.5.2 Graphs of the horizontal and vertical displacement of the ball from the origin

The graph of the horizontal position of the ball (Figure 2.5.2a) shows that:

* The distance from the origin increases as the ball moves away from the origin.

* The graph is a straight line with a regular interval between each point.

¢ In the horizontal direction, the straight line position—time graph indicates that
the velocity of the ball is constant. There is no acceleration in the horizontal
direction.

The graph of the vertical position of the ball (Figure 2.5.2b) is quite different.
It shows that:

e The distance from the origin increases as the ball bounces higher, and then
decreases as the ball returns to the ground.

¢ The graph is roughly parabolic in shape with a changing interval between each
point: the points on the graph are closer together near the top of the bounce.

¢ The changing gradient of the position—-time graph indicates that the velocity is
changing. There is a force affecting the ball and the ball is accelerating.

Velocity—time graphs of horizontal and vertical motion can be used to confirm
these conclusions and determine the size and direction of the acceleration found to
be affecting the ball in the vertical direction (Figure 2.5.3).

The graph of horizontal velocity versus time (Figure 2.5.3a) confirms that
the horizontal velocity is constant. Once the ball leaves the person’s hands, and
ignoring air resistance, there are no forces acting in a horizontal direction. The ball
will continue to move at the same horizontal velocity as when it was first thrown.
The positive value confirms that the ball is moving further from the origin.

In the vertical direction, the gradient of the velocity—time graph confirms that
there is an acceleration, and hence a force, affecting the movement of the ball. The
constant gradient of the graph (allowing for small measuring errors) indicates that
this acceleration is constant. The negative slope indicates that the acceleration is acting
downward. The graph also shows that the ball had a maximum velocity at the bottom
of the motion, that is, at the start of the bounce and at the very end of the bounce.
Finally, you can see that the velocity was at a minimum (zero) when at the maximum
height of the bounce.
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Ignoring air resistance, the only force that causes the vertical velocity of the ball
to change is gravity. Gravity is constant and acts downward towards the ground,
which matches the shape of the velocity—time graph (Figure 2.5.3b).

a b
}’“ Horizontal velocity of the ball Y Vertical velocity of the ball
84 8
7 6
= 64 =4
1% 1%
ESe—eo—o—o—0o—0o £ 2
.*i‘ 4 ‘? 0 T
8 3] 8,0 02
$ $
T 24 14
14 -6
0 T T T T T : 78
0 02 04 06 08 10 X

Time (s)

Time (s)

FIGURE 2.5.3 Graphs showing the velocity of the ball during a single bounce. (a) The horizontal
velocity is constant. (b) The vertical velocity is changing at a constant rate, implying a constant
acceleration.

As the only acceleration on the ball is vertical, this acceleration will not affect
the horizontal motion. Another way of saying this is that the vertical and horizontal
components of motion (velocity, displacement and acceleration) are independent of
each other. A change in one of these values in one direction will not affect the value
in the other direction. The only exception is time. Time is not a vector, so the time
taken for the ball to travel horizontally will be the same as the time taken to travel
vertically.

A spectacular example of this is that if a bullet is fired from a gun horizontally at
the same time as another bullet is simply dropped, both bullets will hit the ground
at the same time.

So in summary, and ignoring air resistance, an object in flight will:

e continue at a constant velocity in a horizontal direction equal to the velocity at
which it left the point of release, since there is no force acting on the ball in a
horizontal direction

e undergo constant acceleration downwards in a vertical direction equal to the
acceleration due to gravity.

When launched upwards, an object in flight will have a maximum vertical
velocity at the point of release. On returning to the same height, the vertical velocity
will be of the same magnitude but in the opposite direction. It will have a zero
vertical velocity at the point where it reaches its maximum height, after which it will
begin to fall and the velocity will increase.

Inthe event that a ball is thrown directly horizontally or downwards, the horizontal
velocity will remain constant once the ball is released, as there is no horizontal force
acting on it. The vertical velocity will increase, as the ball is accelerated by gravity.

The resultant velocity of the object at any point will be the vector sum of the
horizontal and vertical velocities of the object at that point.

This is shown diagrammatically in Figure 2.5.4. By adding the vertical and
horizontal vectors that are shown in the figure, the resultant velocity of the ball can
be determined.
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FIGURE 2.5.4 An annotated analysis of the ball from Figure 2.5.1 showing velocity vectors at
each point. The horizontal velocity is constant while the vertical velocity vector shows the velocity
decreasing while the ball is going up and increasing when the ball is falling.

Applying equations of motion to the flight of a ball

In Unit 2, the equations of motion were explained and applied to simple straight-
line motion in one dimension. These same equations can be applied to the more
complex two-dimensional motion of an object in flight. This is because two-
dimensional motion, such as that of the bouncing ball, can be broken into vertical
and horizontal components using the techniques described so far in this chapter.

PROJECTILES

A projectile is any object that is thrown or projected into the air and is moving
freely; that is, it has no power source (such as a rocket engine or propeller) driving
it. A netball as it is passed, a cricket ball that is hit for six, and an aerial skier flying
through the air are all examples of projectiles. People have long argued about the
path that projectiles follow; some thought they were circular or had straight sections.
It is now known that, if projectiles are not launched vertically and if air resistance is
ignored, they move in smooth parabolic paths, like that shown in Figure 2.5.5.This
section considers projectiles that are launched horizontally and uses Newton’s laws
to solve problems involving this type of motion.

Projectile motion

It is a common misconception that when a projectile, such as a netball, travels

forwards through the air, it has a forwards force acting on it. This is incorrect. There ~ FIGURE 2.5.5 A multi-flash photograph of a golf

may have been some forwards force acting as the projectile was launched, but once 0@l that has been bounced on a hard surface.
.. . . . The ball moves in a parabolic path.

the projectile is released, this forwards force is no longer acting.
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0 In the vertical direction, a
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projectile accelerates due to the
force of gravity, that is, at a rate
of 9.8ms 2 downwards.

In the horizontal direction a
projectile has a uniform velocity,
as there are no forces acting in
this direction (if air resistance

is ignored). So, the horizontal
acceleration is zero.

In fact, if air resistance is ignored, the only force acting on a projectile during
its flight is its weight, which is the force due to gravity, I+,. This force is constant
and always directed vertically downwards. This causes the projectile to continually
deviate from a straight-line path to follow a parabolic path (Figure 2.5.6). This
motion is known as freefall.

Projectile motion is quite complex compared to straight-line motion. It must
be analysed by considering the different components—horizontal and vertical—
of the actual motion. The vertical and horizontal components of the motion are
independent of each other and must be treated separately.

FIGURE 2.5.6 The motorcycle and rider are travelling in parabolic paths as they fly through the air.

Given that the only force acting on a projectile is the force due to gravity, F, it
follows that the projectile must have a vertical acceleration of 9.8 ms™> downwards
throughout its motion.

Projectiles launched horizontally

Projectiles can be launched at any angle. The launch velocity needs to be resolved
into vertical and horizontal components using trigonometry in order to complete
most problems. For projectiles launched horizontally, calculating the vector
components of the launch velocity is easy to do. That’s because the initial vertical
velocity is zero (but increases during the flight). The horizontal velocity is constant
and is equal to the launch velocity. This can be verified using trigonometric ratios
and a launch angle of 0°.
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Solving problems with projectiles launched horizontally

1 Construct a diagram showing the projectile’s motion to set the problem out
clearly. Write out the information supplied for the horizontal and vertical
components separately.

2 In the horizontal direction the velocity of the projectile is constant, so the only
formula needed is u, = v, = ST"

3 In the vertical direction, the projectile is moving with a constant acceleration
(9.8ms™2 down), and so the equations of motion for uniform acceleration must
be used. These include:

v, = Uy, + glt
Sy = Uyl +3 gt?
vli=ul+ 2gs
v v v

4 In the vertical direction it is important to clearly specify whether up or down is
the positive or negative direction. Either choice will work just as effectively, but
the same convention needs to be used consistently throughout each problem.

5 Pythagoras’ theorem can be used to determine the actual speed of the projectile
at any point.

6 If the velocity of the projectile is required, provide a direction with respect to the
horizontal plane as well as the speed of the projectile.

0 It is easy to get the wrong idea about projectile motion when you watch cartoon
characters running or driving off cliffs. In many cartoons, the character leaves
the cliff and travels horizontally outwards, stopping in mid-air (Figure 2.5.7). Once
they realise where they are, they immediately fall vertically downwards. This is
not what happens in reality: the character starts falling in a smooth parabolic arc
as soon as they leave the clifftop.

FIGURE 2.5.7 In real life, this car would start falling as soon as it leaves the clifftop and it would
travel in a parabolic arc.
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Worked example 2.5.1
PROJECTILE LAUNCHED HORIZONTALLY

40.0 m

A golf ball of mass 150g is hit horizontally from the top of a 40.0 m-high cliff
with a speed of 25.0ms™. Using g = 9.8ms™ and ignoring air resistance,
calculate the following values.

. 250ms” £2=98ms?
— >

a Calculate the time that the ball takes to land.

constant acceleration, so use equations
for uniform acceleration. Select the
equation that best fits the information
you have.

Thinking Working

Mass does not affect the projectile’s The 150g mass value can be ignored.

motion.

Let the downwards direction be Down is positive.

positive. Write down the information Vertically:

relevant to the vertical component U =0ms!

of the motion. Note that the instant v

the ball is hit, it is travelling only s,=40.0m

horizontally, so its initial vertical g=98ms>

velocity is zero. t=2?

In the vertical direction, the ball has _ 1442
Sy = uyt + 2gi.‘

for t.

Substitute values, rearrange and solve | 400=0+ 1x98x t2
2

_ [400
t= 4.90

=2.857=29s
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b Calculate the distance that the ball travels from the base of the cliff, i.e. the

range of the ball.

Thinking Working
Write down the information relevant Horizontally:
to the horizontal component of the v, =250ms!

motion. As the ball is hit horizontally,
the initial speed gives the horizontal

t=2.9s from part (a)

component of the velocity throughout | Sx ="

the flight.

Select the equation that best fits the vy =3

information you have. !

Substitute values, rearrange and solve 25.0 = 2%

for s. :

Never round off a value until the §=250x29
=73m

final calculation, otherwise you will
introduce a rounding error.

Note that the mass of the ball does
not affect its motion. This is true for all

objects in projectile motion or in freefall.

¢ Calculate the velocity of the ball as it |

ands.

Thinking

Working

Find the horizontal and vertical
components of the ball’s speed as
it lands. Write down the information

Horizontally: u, = v, = 25.0ms™
Vertically, with down as positive:

relevant to both the vertical and u,=0 >

horizontal components. g=98ms
s,=40.0m

t=2.857s

v, =7

To find the final vertical speed, use the | v,=u, +gt

equation for uniform acceleration that

best fits the information you have.

Substitute values, rearrange and solve Vertically:

for the variable you are looking for, in
this case v.

v,=0+9.8x 2857
=28ms™! down

Add the components as vectors.

250ms™!
[l

v 28 ms™!

Use Pythagoras’ theorem to work out
the actual speed, v, of the ball.

_ 2,2
Vo= vy vy

= V25.0? + 282
= J1409

=38ms™!

Use trigonometry to find the angle, 6.

6= tan—l(%)
48

Indicate the velocity with a magnitude
and direction relative to the horizontal.

The final velocity of the ball is 38ms™
at 48° below the horizontal.
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>» Try yourself 2.5.1
PROJECTILE LAUNCHED HORIZONTALLY

A golf ball of mass 100.0g is hit horizontally from the top of a 30.0m high

cliff with a speed of 20.0ms™. Using g = 9.8 ms™2 and ignoring air resistance,
calculate the following values.

2=98ms>

30.0m B

a Calculate the time that the ball takes to land.

b Calculate the distance that the ball travels from the base of the cliff, i.e. the
range of the ball.

¢ Calculate the velocity of the ball as it lands.

PROJECTILES LAUNCHED OBLIQUELY

The previous section looked at projectiles that were launched horizontally. More
commonly, projectiles are launched at an angle to the horizontal direction, by being
thrown forwards and upwards at the same time. An example of an oblique launch
is shooting for a goal in basketball (Figure 2.5.8). Once the ball is released, the only
forces acting are gravity pulling the ball down to Earth and air resistance, which
retards the ball’s motion slightly.

In this section, the principles covering horizontal projectile motion will still
apply, as described by Newton’s first law.

FIGURE 2.5.8 The basketball was thrown up towards the basket, travelling in a smooth parabolic path.
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Projectiles launched at an angle

As with projectiles launched horizontally, if drag forces are ignored, the only
force that is acting on a projectile that is launched at an angle to the horizontal is
gravity, F.

Gravity acts vertically downwards and so it has no effect on the horizontal
motion of the projectile. Recall that the vertical and horizontal components of the
motion are independent of each other and once again must be treated separately.

In the vertical direction, a projectile accelerates due to the force of gravity, that
is, at a rate of 9.8ms™> downwards. The effect of the force due to gravity is that the
vertical component of the projectile’s velocity decreases as the projectile rises. It
is momentarily zero at the very top of the flight and then it increases again as the
projectile descends.

In the horizontal direction a projectile has a uniform velocity, since there are no
forces acting in this direction (if air resistance is ignored).

Solving problems with projectiles launched at an angle
General rules for solving problems involving projectile motion were given in the
previous section—see page 16 for a reminder.

If a projectile is launched at an angle to the horizontal, the initial vertical velocity
will not be zero, and trigonometry can be used to find both the initial horizontal and
vertical components of the velocity. Pythagoras’ theorem can be used to determine
the actual velocity of the projectile at any point, as well as a direction with respect
to the horizontal plane.

Worked example 2.5.2 will show you how this is done.

Worked example 2.5.2
LAUNCH AT AN ANGLE

A 65.0kg athlete in a long-jump event leaps with a velocity of 7.50ms™ at an
angle of 30.0° to the horizontal.

¢g=—9.8ms’2

For the following questions, treat the athlete as a point mass, ignore air
resistance and use g = 9.8ms™.
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Worked example 2.5.2 continued

a Calculate the athlete’s velocity at the highest point.

Thinking

Working

Mass does not affect the projectile’s
motion.

The 65.0kg mass value can be
ignored.

First find the horizontal and vertical
components of the initial velocity.

Using trigonometry:

up = 7.50¢c0s30.0°
=6.50ms™!

u, = 7.50sin 30.0°
=3.75ms™!

At the highest point of the athlete’s jump
the vertical component of the velocity is
zero, therefore the resultant velocity at this
point is just the horizontal velocity.

At maximum height: v, = 6.50ms™!
horizontally to the right.

b Calculate the maximum height gained by the athlete during the jump.

Thinking

Working

To find the maximum height that is gained,
you must work with the vertical component
of the velocity. Recall that the vertical
component of velocity at the highest point
is zero. As gravity acts in the opposite
direction from the jump, the initial vertical
velocity is made positive, and acceleration
from gravity is made negative.

Vertically, taking up as positive:
u,=3.75ms™?

g=-9.8ms™>
v,=0
s, =7

Substitute these values into an appropriate
equation for uniform acceleration.

2 2
v =u,+2gs,

0=3.752+2x-98xs,

Rearrange and solve for s.

3.75%
S, =
VT 196

=0.717m
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¢ Calculate the total time the athlete is in the air, assuming a return to the

original height.

Thinking

Working

The take-off height and landing height
are the same.

The initial velocities in the x and y
direction are the same as the final
velocities in the x and y direction (with
a negative value for the final y velocity).

As the motion is symmetrical, the
time taken to complete the motion
will be double that taken to reach the

Vertically, taking up as positive:
u,=3.75ms™!

_ -2
maximum height. First, the time it g=-98ms
takes to reach the highest point must v,=0
be found. =7
Insert these values into an appropriate | v, =u, + gt
equation for uniform acceleration. 0=375-98t
Rearrange the formula and solve for t. | , _ 375
98

=0.383s
The time to complete the motion is Total time = 2 x 0.383
double the time it takes to reach the - 0.766s

maximum height.

» Try yourself 2.5.2
LAUNCH AT AN ANGLE

A 50.0kg athlete in a long-jump event leaps with a velocity of 6.50ms™ at 20.0°

to the horizontal.

lg=9.8ms2

For the following questions, treat the athlete as a point mass, ignore air

resistance and use g = 9.8ms™.

a Calculate the athlete’s velocity at the highest point.
b Calculate the maximum height gained by the athlete’s centre of mass during

the jump.

¢ Calculate the total time the athlete is in the air, assuming a return to the

original height.
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2.5 Review

SUMMARY

+ If air resistance is ignored, the only force acting on a
projectile is its weight, i.e. the force of gravity, F,. This
results in the projectile having a vertical acceleration
of 9.8 ms2 down during its flight.

» Projectiles move in parabolic paths that can be
analysed by considering the horizontal and vertical
components of the motion.

+ If a projectile is launched at an upward angle from
a horizontal surface the flight will be symmetrical
around the point of maximum height.

+ The horizontal component and vertical components
of motion are independent of each other, i.e. they do
not affect each other.

KEY QUESTIONS

For the following questions, assume that the acceleration

due to gravity is 9.8ms™ and ignore the effects of air

resistance unless otherwise stated.

Retrieval

1 Describe the horizontal velocity of a projectile
throughout its flight, if air resistance is ignored.

2 State the position in the flight of a projectile when its
vertical velocity is equal to zero.

Comprehension

3 Describe the shape of the path of a projectile path if
the horizontal and vertical components of its velocity
are equal and air resistance is ignored.

Analysis

4 A marble travelling at 2.0ms™! rolls off a jump, angled at
30° above horizontal, and takes 0.75s to reach the floor.
a Calculate how far the marble travels horizontally

before landing.
b Calculate the vertical component of the speed of the
marble as it lands.

¢ Calculate the speed of the marble as it lands.

5 A golfer practising on a range with an elevated tee
4.9m above the fairway is able to strike a ball so that it
leaves the club with a horizontal velocity of 20.0ms™.

tee ——o 20ms!

49 m

fairway
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The following equations of motion for uniform
acceleration must be used for the vertical
component of the motion:

v,=u,+gt
_ 1 52

Sy = Uyt +58t
2_ 2

v, =u, +2g8s,

The horizontal velocity of a projectile remains constant
throughout its flight if air resistance is ignored.
Therefore, the following equation for average velocity
can be used for this component of the motion:

S,

Uy =Vy =

The vertical velocity of a projectile is zero at its
highest point of motion.

a Calculate the time taken for the ball to land on the
fairway after being hit.

b Calculate the horizontal distance the ball travels
before landing on the fairway.

¢ Calculate the acceleration of the ball 0.50s after
being hit.

d Calculate the speed of the ball 0.80s after it leaves
the club.

e Calculate the speed with which the ball hits the ground.

A tourist stands on top of a sea cliff that is 80.0m high. The

tourist throws a rock horizontally at 25.0ms™ into the sea.

v, = 25ms™!

h
=2 L

a Determine the speed of the rock as it reaches the water.

b Identify the angle at which the rock is travelling
relative to the horizontal as it reaches the water.

A skateboard travelling at 4.0ms™! rolls off a surface

that is angled downward at 15° and that is 1.2m high.

a Determine how long the board takes to hit the
ground.

b Determine how far the board lands from the base of
the bench.

¢ Calculate the magnitude and direction of the
acceleration of the board just before it lands.



MANDATORY PRACTICAL 1

Projectile motion—the effect of launch angle
on range

Aim

To investigate the relationship between the launch angle of
a projectile, its motion and the range of the projectile.
Rationale (scientific background to the
experiment)

A projectile is any object that moves, without propulsion,
in free flight. If air resistance is ignored, the only force
acting on a projectile during its flight is that due to gravity.
This force is constant and is always directed vertically
downwards. It causes the projectile to follow a parabolic
path.

The motion of a projectile can be examined by looking at
the horizontal and vertical components separately.

Vertically, a projectile will move with an acceleration due
to gravity (9.8ms™ downwards at the Earth’s surface).

In the horizontal component, velocity is uniform since, if
air resistance is ignored, there are no forces acting in this
direction.

If a projectile is launched at an angle to the horizontal,
trigonometry can be used to find the initial horizontal
and vertical components of the velocity. The equations
of motion can then be used to calculate the horizontal
distance travelled by the projectile.

Timing
40 minutes
Materials

data-collection system
projectile launcher (commercial or improvised,
e.g. poly tube)
projectile
photogates and (optionally) a time-of-flight pad or
stopwatch
angle indicator
tabletop or bench
table clamp or burette stand and clamps
A4 paper
tape measure
sticky tape
carbon paper (optional)
Safety
Always wear safety glasses when using any kind of

projectile launcher. Never look down the barrel of a
mechanical projectile launcher.

Method

Risk assessment

Assessment of risks include chemical hazards and physical
hazards. Before you commence this practical activity, you
must conduct a risk assessment. Complete the template in
your Skills and Assessment book or download it from your
eBook.

1 Start a new experiment on your data-collection system.
Connect the photogates to your system following the
manufacturer’s instructions.

Note: If photogates aren’t available to you, a stopwatch
can be used to find the flight time. In estimating the
uncertainty in the measurement, be sure to allow for your
reaction time when both starting and stopping the watch.

Select ‘velocity between gates’ if prompted by your
data-collection system.

Ensure the ‘space between gates’ parameter on your
data-collection system is set to the measured space
between your photogates.

Attach the projectile launcher to a table so that the
projectiles travel across the longest part of the table.
One suitable arrangement of launcher, photogates and
table is shown in the set-up below. Use the equipment
available to you to arrange the launcher to ‘fire’ down
the length of the table and through the photogates. Be
careful to avoid firing the projectile at classmates!

If a spring-loaded projectile launcher isn’t available to
you, a piece of curved ‘poly pipe’ supported by a retort
stand can make a good alternative. Discuss, with the
aid of diagrams, how you could do this.




MANDATORY PRACTICAL 1 « CONTINUED

4

Place sheets of paper end-to-end in a line across the
length of the table in front of the projectile launcher,
and secure them in place with tape.

Measure the height from the point the ball is released
to the tabletop, and record this value in the Analysing
section.

Mount the photogates on the launcher. Be sure to
mount the first named photogate in your data-analysis
software closest to the launcher.

Part 1—Distance versus angle

7

10

11

12

34

Set the launcher in the horizontal position with

a launch angle of 0°. Record an estimate of the
uncertainty in the measurement of the angle in the
Analysing section.

Load a projectile into the launcher, and ensure that
the launcher is set to its maximum compression or
distance setting.

Launch the projectile, and note the point of impact on
the paper.

Lay a sheet of carbon paper on top of the white paper
over the point of impact, carbon side down, so that
when a ball lands on it there will be a mark on the
paper. Place a sheet of paper over the carbon paper to
prevent damage to the carbon paper by the projectile.

If carbon paper is not available, look for a small
indentation on the paper where the ball hits or use
tracing paper heavily shaded with lead pencil. Highlight
the point with a pencil or marker when the projectile
lands.

What launch angle do you predict will yield the greatest
horizontal range (distance)?

Start recording with the data collection system (or your
stop watch) and launch the projectile.

Record the sampled ‘velocity between gates’ data point
or time of flight, and enter the corresponding angle
value in the table in the Analysing section.

Move the carbon paper, and measure the distance to
the mark from the base of the launcher. Write the angle
next to the mark on the paper.
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14

15

16

Use the angle indicator on the launcher to position the
launcher at the next angle, 10°.

Repeat the data collection steps, increasing the angle
of inclination by 10° each time until you have recorded
a data point every 10° from 0° to 80¢°.

Repeat the measurement for each angle an additional
two times and find the average and uncertainty in the
range.

Measure and enter the horizontal distance for each
angle value into Table 1 in the Analysing section.
Draw a graph of distance versus angle and a graph of
velocity versus angle in the spaces provided.

Part 2—Time of flight

17

18

19

If a time-of-flight pad is available, remove one
photogate and attach the time-of-flight pad.
Alternatively, a handheld stopwatch or other timing
mechanism can be used. Position the time-of-flight
pad over the landing point recorded for an angle of 0°
and reset the launcher to an angle of 0°.

Which angle do you think will give the greatest time of
flight? Explain the reasons behind your prediction.

Start a new data-collection session. Launch the ball
from the launcher and, using the time-of-flight pad
or a stopwatch, record the time the ball is in flight in
Table 2 of the Analysing section.

Use the angle indicator on the launcher to position
the launcher at the next angle, and repeat the data-
collection steps until you have recorded a data point
every 10° from 0° to 80°. Record the time of flight for
each angle in Table 2 of the Analysing section. Repeat
each angle three times and find the average time and
uncertainty in the range for each angle. Draw a graph
of time of flight versus angle.

Variables

Independent: launch angle

Dependent: range of projectile

Controlled: projectile shape, projectile mass, force of
launch



Analysing
Raw and processed data

TABLE 1 Projectile data for launch angle versus distance

Angle (°) * Velocity (ms™) Distance (m)
Trial 1 | Trial 2 | Trial 3 | Average | Trial 1 | Trial 2 | Trial 3 | Average

+ +
+ +
+ +
+ +
+ +
+ +

+
+ +

TABLE 2 Projectile data for launch angle versus time of flight

Angle (°) £ Time of flight (s)

Trial 1 Trial 2 Trial 3 Average

+

*

I+

I+

I+

I+

I+

» Reflect and check that your data analysis demonstrates
these characteristics

O Effective investigation of phenomena is demonstrated by
the collection of sufficient and relevant raw data.

O Accurate application of algorithms, and visual and
graphical representations of data, is demonstrated by
appropriate processing and presentation of data to aid
the analysis and interpretation of data.




MANDATORY PRACTICAL 1 « CONTINUED

Use the horizontal distance and time of flight to
calculate the average horizontal velocity for each angle,
and fill in the corresponding column in Table 2. Why is
this referred to as the average horizontal velocity?

Use the vertical velocity and the height of the launcher
for each launch angle to calculate the theoretical

time of flight of an object shot straight up. Record the
results in Table 3.

Analysis

1 Choose one of the angles other than 0°, and draw to
scale a vector diagram for your projectile at the launch
position showing both the horizontal and vertical
component velocities. Show how you would determine
the average initial velocity, and draw the net vector.
Calculate the horizontal and vertical components of
velocity for each angle, and complete the columns in
Table 3.

TABLE 3 Projectile data calculations

Angle (°) | Horizontal velocity (ms™) | Vertical velocity (ms™) | Average horizontal velocity (ms™) | Theoretical time of flight (s)

» Reflect and check that your analysis demonstrates these Evaluation

characteristics 4 Consider whether the reliability with which you could

O Systematic and effective analysis of evidence is
demonstrated by a thorough and appropriate error
analysis.

set and measure the angle of launch permitted
reasonable conclusions to be drawn in this experiment.
Discuss the effect of the uncertainty in your method on

O Systematic and effective analysis of evidence is the reliability of your conclusion.
demonstrated by a thorough identification of relevant
trends, patterns and relationships. Improvements

O Insightful and valid interpretation of evidence is 5
demonstrated by drawing a valid and defensible
conclusion based on the analysis.

Identify the major sources of error in this experiment
and the steps taken to minimise them.

Extension

6 Are there launch angles that yield the same horizontal
range? What are they and why is that the case?

Interpreting and communicating
Conclusion

1 How did the measured horizontal velocities from Table
1 compare to the calculated horizontal velocities from
Table 3?

For any projectile launched horizontally, what can you
state about the horizontal velocity?

> Reflect and check that your evaluation demonstrates
these characteristics

O Critical evaluation of processes is demonstrated
by a discussion of the reliability and validity of the
experimental process supported by evidence such as the
quality of the data (as quantified in the error analysis).
Critical evaluation of the conclusion is demonstrated by a
discussion of the veracity of the conclusions with respect
to the error analysis and limitations or sufficiency of the
data.
Insightful evaluation of processes and conclusions is
demonstrated by a suggestion of improvements or
extensions to the experiment that are logically derived
from the analysis of the evidence.

Which launch angle will yield the maximum horizontal
range?




Chapter review

KEY TERMS

acceleration freefall
angle perpendicular
component projectile

displacement Pythagoras’ theorem

KEY QUESTIONS

Retrieval

1 Identify which one or more of the following statements
best describes a stone thrown horizontally at 5ms™ as
it falls towards a pond. Ignore air resistance.

A Its speed increases.

B It travels in a circular path.

C There is a driving force acting on it.
D The only force acting on it is gravity.

2 Identify the correct statement describing a javelin at
the highest point of its path, after being launched at
40° above the horizontal.

A It has zero acceleration.

B Itis at its minimum speed.

C There are no forces acting on it since it is in freefall.

D There are forwards and downwards forces acting
on it.

3 Describe the horizontal velocity of a basketball as it is
thrown towards the hoop in a shot for goal. Ignore air
resistance.

4 State where the vertical velocity of a ball in flight will
be at a minimum. Ignore air resistance.

Comprehension
5 Determine which one or more of the following answers
correctly describes the path of golf balls hit on the
Moon by American astronaut Alan Shepard in 1971.
A The balls went into orbit.
B The balls travelled in parabolic arcs.
C The balls travelled in straight lines because there is
no gravity.
D The balls travelled much further than if they had
been hit in an identical manner on Earth.

6 Determine which of the following statements best
describes the comparison between the time that a
ball takes to rise to its maximum height during its
trajectory and the time it takes to fall back to the
ground in this situation: A soccer ball was kicked by
Sam. The ball rises into the air and returns to the
ground at the same horizontal height some distance
down the field. Ignore air resistance.

resolve
vector
velocity

A The time to rise is more than the time to fall.

B The time to rise is less than the time to fall.

C The time to rise is the same as the time to fall.

D A comparison cannot be drawn from the
information given.

Analysis

7

Using the information presented in question 6, determine

which one of the following statements is correct, if the

effects of air resistance are taken into account.

A The ball’s vertical acceleration would have increased.

B The ball would have reached a greater maximum
height.

C The ball’s horizontal velocity would have been
continually decreasing.

D The ball would have travelled a greater horizontal
distance before striking the ground.

The following information relates to questions 8-10.

A rugby player place-kicks a ball from the kicking tee

with an initial velocity such that the vertical component

is 5.0ms™! and the horizontal component is 10.0ms™.
Assume no air resistance and that the launch and landing
heights are the same.

8

9

10

11

12

Determine the vertical and horizontal components of
the ball’s velocity at the point just before landing.

Calculate the value of the vertical component of the
velocity 0.35s after leaving the kicking tee.

a Calculate how long the ball will be in the air before
landing.
b Calculate the horizontal distance the ball travels.

Charlie swims across a river that is flowing at a velocity
of 1.3ms ! south. He swims so that his direction of
travel is due east, and his average velocity in swimming
across the river is 0.43ms L. Calculate the vector sum
of Charlie’s velocity and that of the river. Remember to
specify both magnitude and direction in your answer.

Many well-planned cities in the United States have
streets on a north-south and east-west grid. In one
such city, Jenna drove 12 km west and then 2.8km
north to arrive at her destination. Determine the
displacement between her origin and destination.
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13

14

15

16

17

18

19

Determine the resultant force if a 20.0N upwards force

is subtracted from a 32N force acting to the right.

Calculate the minimum speed (ignoring air resistance)
at which a ball must leave a netballer’s hands to score

a goal. The netballer stands almost directly under the
ring when shooting for a goal. She holds the ball at a
height of 1.80m and then shoots for goal. In order for
the ball to clear the ring and drop in, it must reach a
height of at least 3.30m. Use g = 9.8ms™2.

Calculate the total horizontal distance a ball travels

when an AFL football player kicks a high torpedo

punt kick towards the goal from the 50 metre line.

The ball leaves his foot at an angle of 45° from the

horizontal and with a speed of 23.0ms™. Assume no

air resistance.

Two identical tennis balls X and Y are hit horizontally

from a point 2.0m above the ground with different

initial speeds: ball X has an initial speed of 5.0ms™,

and ball Y has an initial speed of 10.0ms™.

a Calculate the time it takes for ball X to strike the
ground.

b Calculate the time it takes for ball Y to strike the
ground.

¢ Calculate how much further ball Y travels than ball
X in the horizontal direction before bouncing.

An archer stands on top of a platform that is 20.0 m

high and fires an arrow horizontally at 50.0ms™.

a Calculate the speed of the arrow as it reaches the
ground.

b Calculate the angle at which the arrow is travelling
as it reaches the ground, relative to the horizontal.

A bowling ball of mass 7.5kg travelling at 10.0ms™*

rolls off a horizontal table 1.00m high.

a Calculate the ball’s horizontal velocity just as it
strikes the floor.

b Calculate the vertical velocity of the ball as it strikes
the floor.

¢ Calculate the velocity of the ball as it reaches the
floor.

d Calculate the time interval that elapsed between the

ball leaving the table and striking the floor.

e Calculate the horizontal distance travelled by the
ball as it falls.

f Draw a diagram showing the forces acting on the
ball as it falls towards the floor.

Calculate the speed of a ball at its highest point if it is

kicked by a rugby player taking a place kick with the

ball at rest on the ground. The ball is kicked at 30.0° to

the horizontal at 20.0ms™".
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20 A basketballer shoots for a goal by launching the ball
at 15.0ms ! at 25.0° to the horizontal.

21

a
b
c

Calculate the initial horizontal speed of the ball.
Calculate the initial vertical speed of the ball.
Describe the magnitude and direction of the
acceleration of the ball when it is at its maximum
height.

Determine the speed of the ball when it is at its
maximum height.

In a shot-put event a 2.0kg shot is launched from a
height of 1.5m, with an initial velocity of 8.0ms™!
at an angle of 60.0° to the horizontal.

Calculate the initial horizontal speed of the shot.
Calculate the initial vertical speed of the shot.
Determine how long it takes the shot to reach its
maximum height.

Calculate the maximum height from the ground that
is reached by the shot.

Calculate the speed of the shot when it reaches its
maximum height.

The following information relates to questions 22-26.

A senior physics class conducting a research project on
projectile motion constructs a device that can launch a
cricket ball. The launching device is designed so that the
ball can be launched at ground level with an initial velocity
of 28.0ms™ at an angle of 30.0° to the horizontal.

280ms! 7 R
8.0 m’s/{%.m ground level '

22 Calculate the horizontal component of the velocity of
the ball:

a
b
c

initially
after 1.0s
after 2.0s.



23 Calculate the vertical component of the velocity of
the ball:
a initially
b after 1.0s
¢ after 2.0s.

24 Determine the velocity of the cricket ball after 2.0s.
25 Determine the speed of the ball as it lands.

26 Calculate the horizontal distance the ball travels before
landing, that is, its range.

27 Calculate the net force acting on the stump in the
following situation: A force of 2650N is acting due east
on the stump due to a rope from a tractor attempting
to pull the stump out of the ground, while a force of
880N is acting at an angle of N62°E on the same
stump due to a car pulling on a rope attached to the
stump.

Knowledge utilisation

28 Predict the angle to the horizontal that will result
in a water stream travelling at the greatest distance
through the air from a garden hose. The hose is held
at ground level, with water travelling at 15 ms .

29 Suppose the projectile launcher in the mandatory
practical is placed at the edge of the table so that
the projectile it fires falls to the floor. Determine the
horizontal range on the floor if the projectile is fired
at1.9ms™, assuming the ball is launched at 0.85m
high and the launcher is set to 65° upwards from the
horizontal.
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CHAPTER

@3 Inclined planes

This chapter explores the forces on objects resting or moving on a surface that

is at an angle to the horizontal. Types of forces covered in Pearson Physics 11
Queensland, as well as free-body diagrams and Newton'’s laws of motion, will be
used to analyse inclined planes. Inclined planes are used to change the magnitude
or direction of a force. They are experienced in many aspects of everyday life from
walking up a hill to building skyscrapers.

Syllabus subject matter
Topic 1 e Gravity and motion

B INCLINED PLANES

» solve problems involving force due to gravity (weight) and mass using the
mathematical relationship between them
define the term normal force
describe and represent the forces acting on an object on an inclined plane
through the use of free-body diagrams
calculate the net force acting on an object on an inclined plane through vector
analysis.

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




0 A force is a measure of the push
or pull on an object.

It is measured in newtons (N).

It is a vector and so requires a

magnitude and a direction to
describe it fully.
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BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

j » identify the forces acting on an object moving or resting on a surface at
an angle to the horizontal, including the force due to gravity, friction and
normal forces

» draw free-body diagrams to show the forces acting on an object on an
inclined plane

» use vectors to analyse the net force acting on an object on an inclined
plane.

REVIEW OF FORCES ACTING ON OBJECTS

In Pearson Physics 11 Queensland it was shown that a force is a push or a pull that
can do one or more of the following to any object with mass:

e A force can change an object’s velocity by changing its speed.
» A force can change an object’s velocity by changing its direction of motion.
* A force can change the shape of an object.

Force is measured in newtons (N) and is a vector quantity, which means it
requires a magnitude and direction to fully describe it.

There can be more than one force acting on an object at a time. The vector sum
of these forces is known as the resultant force, or net force, F,:

Fo=F+F+F+..

If there is no net force acting on an object, then the object will continue to move
in a straight line at the same speed, or it will stay at rest. This is Newton’s first law
of motion.

If the net force is equal to zero, then the object is in equilibrium and it does not
accelerate.

If the net force is not zero, then the object accelerates. The acceleration, a, of the
object of mass m, is in the same direction as the net force and is given by Newton’s
second law:

or
F,

n

Forces always come in pairs known as the action force and the reaction force.
This means that if a force from object A acts on object B then another force of the
same magnitude but in the opposite direction will act on object A from object B.
This is Newton’s third law and is easily seen when you push on a heavy door to
close it. You apply a force to close the door, but the door will also push back on you
with the same force you gave the door.

WEIGHT

In Pearson Physics 11 Queensland, weight was shown to be a force on a massive
object due to that object being in the presence of a gravitational field, e.g. Earth’s
gravitational field. Weight is different from mass in that mass is a scalar measure
of how much material there is in the object (measured in kg) and weight is the
gravitational force on that mass (a vector measured in N).

The mass of an object is the same everywhere in the universe, but its weight will
change depending on the strength of the gravitational field the object is exposed to
(you will learn more about this in Chapter 5). Any object with mass that is free to
move in a gravitational field will experience an acceleration due to gravity, g.

et — Ma
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Newton’s second law of motion can be used to calculate the weight, F,, of any
mass in any gravitational field with an acceleration due to gravity g:
Fg =mg
g will vary depending on the location, but for objects on the surface of Earth, g is
approximately 9.8 ms ™ straight down towards the centre of Earth.

Worked example 3.1.1
WEIGHT AND MASS

Calculate the weight of Annie, a 44.3 kg student who is at rest on the surface
of Earth.

Thinking

Working

m =44.3kg
g =9.8ms 2 downwards

Annie’s mass is given.

The location is the surface of Earth,
so the acceleration due to gravity is

g=9.8ms>.

Weight is dependent on the variable g. Fg=mg
=443 x9.8
= 434N downwards
=-430N

>» Try yourself 3.1.1
WEIGHT AND MASS

Calculate the weight on the Moon of the 4932 kg lunar module that was used
to land the Apollo 11 astronauts in 1969. The acceleration due to the Moon’s
gravitational field is 1.62ms™.

THE NORMAL FORCE

The normal force is a very important force that acts on an object that is in contact
with a surface. It is called the normal force because the direction of this force is
always perpendicular (normal) to the surface, regardless of the angle of the surface
to the horizontal. The normal force is sometimes referred to as a reaction force
because it is what we ‘feel’ in response to our weight when we stand or sit down. If
we are at rest on a horizontal surface, and no other forces are acting, our weight and
the normal force acting on us are the same magnitude. These two forces will not
be the same magnitude, however, if other forces act or the directions of the forces
change, such as when flying in an aeroplane, or moving in an elevator.

Every object on Earth’s surface has weight. This force is always present and
should always be the first force considered when analysing forces.

A wooden crate of mass m located anywhere near the surface of Earth will have
its weight, F,, directed straight down (Figure 3.1.1).

If the wooden crate is resting (i.e. not moving) on the ground, it will also have its
weight directed straight down (Figure 3.1.2).

This means the crate is pushing down on the Earth with a force equal to the
weight of the crate. Newton’s third law says that the Earth will then push back
up onto the crate with a force of the same magnitude as F,. This opposite force is
known as the normal force, Iy, and is always perpendicular to the surface in contact
with the object (Figure 3.1.3).

Note that the normal force only acts when the object is in contact with a surface.
So there is no normal force in Figure 3.1.1 because the object is not in contact with
a surface.

0 Weight is the force that acts on
an object due to its mass in a
gravitational field. It is given by:

Fg=mg

FIGURE 3.1.1 The weight, F, of an object
anywhere near the surface of Earth is a force
with its direction straight down.

g

FIGURE 3.1.2 The weight, Fg, of an object
resting on a horizontal surface is also a force
with its direction straight down.

F

g

FIGURE 3.1.3 The normal force, Fy, is the
force that pushes a mass upwards and is
perpendicular to the surface in contact with
the object.
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0 The normal force is a force that
acts on an object when the object
is in contact with a surface.

The normal force always acts
perpendicular to the surface.

o It is usually clear from the
context whether or not something
is a vector. Nonetheless, vectors
can be represented using vector
notation. In this book vectors are
represented using italics, e.g. F,
as are other variables and physical
quantities. You might see a
different type of vector notation
in books and journals. This may
include bold italics, such as F, or
a tilde or arrow above the letter

such as F or F.

In the example shown in Figure 3.1.3, the forces acting on the crate are:
e weight, Fg, and
* normal force, Fy.

The crate is resting on the ground so the net force must be zero. Using Newton’s
second law:

F, .. = vector sum of all forces acting on the crate
So,
F,

net = 'y (as a vector) + I, (as a vector)

The weight and normal force are in a straight line because the surface the crate
rests on is exactly horizontal. This means we can set the upwards force as positive
and the downwards force as negative. So, the net force becomes:

Fooe = IN + I,
But F,, = 0, s0
S FN = _Fg

This shows that the normal force is the same size as the weight force but opposite
in direction.

Worked example 3.1.2
NORMAL FORCE AND WEIGHT

A 18.2kg wooden crate is resting on a horizontal concrete surface.
Assume this takes place on Earth’s surface.

a Calculate the normal force that acts on the crate if the only other force acting
on it is its weight.

Thinking

Working

The mass of the crate is given and the
acceleration due to Earth’s gravity is
9.8ms™.

m=182kg
g =9.8ms2 downwards

The surface is horizontal, so the force
diagram will have weight straight down
and normal force straight up.

Draw a force diagram of this situation.

F
g
Calculate the weight of the crate using | Fg=mg
Fg=mg. -182x98
= 178N downwards
=-180N
The crate is at rest, so the net force Fret=Fn + Fg
is equal to zero. This means that the 0= Fy+(-180)
sum of the weight and normal force as F\ = +180N

vectors is zero.

Use a coordinate system so that any
upwards forces are positive and any
downwards forces are negative.

Fny = 180N upwards
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b Calculate the normal force that acts on the crate when a worker of mass

86.0kg sits on top of it.

Thinking Working
The mass of the crate and worker m.=18.2kg
are given and the acceleration dueto |  — 86.0kg

Earth’s gravity is 9.8 ms™.

g =9.8ms2 downwards

The surface is horizontal, so the force
diagram will have the weight of the
crate straight down, the weight of the
worker straight down and the normal
force straight up.

Draw a force diagram of this situation.

F,, is the force of the worker on the
crate, i.e. the weight of the worker.

Calculate the weight of the crate and
the worker using F;=mg.

Fg=m.g
=182 x-9.8
= 180N downwards
=-180N

Fy=m,8g
=86.0 x-9.8
= 840N downwards
=-840N

The crate is at rest, so the net force
is equal to zero. This means that the
sum of the weight of the crate, the
weight of the worker and the normal
force as vectors is zero.

Use a coordinate system so that any

Fret=Fn+ Fg+ Fy
0=Fy+(-180) + (-840)
Fy =180+ 840
=+1020N
= 1020N upwards

upwards forces are positive and any
downwards forces are negative.

>» Try yourself 3.1.2
NORMAL FORCE AND WEIGHT

Another wooden crate (of mass 12.4kg) is on the same concrete floor. A worker,
standing on the floor, attempts to lift the crate off the floor with a force of 94 N.

Calculate the normal force acting on the crate if the crate is at rest.

FREE-BODY DIAGRAMS

A diagram showing all of the forces acting on a single object is called a free-body
diagram. Free-body diagrams are used to simplify the process of analysing the
forces, and hence the resultant motion of a single object, by only showing forces that
act directly on that particular object.

Usually, forces are drawn concurrently (i.e. from the same point on the object)
and should show which force acts in which direction. Forces can be drawn to scale,
but this is often not practical, and can introduce the possibility of measuring error.
Forces have not necessarily been drawn to scale in this book. Sometimes the net
force is shown alongside the diagram to indicate the direction of acceleration if the
object is not in equilibrium.
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g

FIGURE 3.1.4 The free-body diagram of a falling
apple with no air resistance or drag. Note that
the net force is also shown next to the free-body
diagram to show the direction of the net force.

F

D

g

FIGURE 3.1.5 The free-body diagram of a falling
apple with drag. In this example the drag is equal
in magnitude to the weight so there is no net
force and the apple falls with constant velocity.

net

F

g

FIGURE 3.1.6 This free-body diagram of a
remote-controlled car shows four forces acting
(weight, normal force, friction and applied force)
to give a net force to the left.

€ Drag and friction are forces that
oppose the motion of the object.
Drag acts to slow the motion of
an object as it travels through air
or a liquid. Frictional forces act to
resist motion when two surfaces
are in contact.

An example of a simple free-body diagram is that of a freely falling apple, of
mass 7, dropped from a high balcony. In this case the only force acting on the apple
is its weight, if we ignore drag (Figure 3.1.4).

As there is only one force acting on the apple, the net force will be equal to the
weight of the apple:

Fnet:Fg
. oma=mg
and
a=g

Hence the apple accelerates downwards at 9.8ms™.

When drag is added to the falling apple, the free-body diagram could be as
shown in Figure 3.1.5.

In this example the magnitude of the drag equals the magnitude of the weight
(the lengths of the two vectors are the same), so there is no net force and the apple
falls with constant velocity:

Fo=Fp+F,
=0
soa=0

Finally, an example of a free-body diagram of a remote-control car is shown to
the left (Figure 3.1.6). The diagram shows four forces (weight, F,, normal force,
Iy, frictional force, I, and applied force, I,) acting on the car. The forces sum
to give a net force to the left, indicating that the car is accelerating directly to the left.

Note that left is taken as the positive direction along the horizontal.

Foo=Fpy—Fi+ Fy— F,

As the car is not accelerating up or down:

FN - Fg = O
so that
Fnet=ma=FA_Ff
or
g=Ta-F
m
Worked example 3.1.3

FREE-BODY DIAGRAMS

A 0.125kg wind-up toy is held motionless on a
horizontal carpet. Max releases the toy and the
unwinding of the internal spring causes the toy
to accelerate towards the right until it hits a wall.

Friction acting on the toy is 0.00750N and the
internal spring applies 0.0520N of force to the toy.

a Draw a free-body diagram of the forces acting on the toy while the spring was
unwinding.

Thinking

Working

There are four forces acting: friction, F
applied force, weight and normal >
force. Friction and applied force are
drawn horizontally, and weight and
normal force are drawn vertically,
with both sets of forces at right
angles to each other. A non-zero net
force acts to the right.
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b Calculate the acceleration of the toy.

Thinking Working

There are several values given: m=0.125kg

friction, mass and applied force. F.=0.00750N

Right is taken as the positive

o Fp=0.0520N

direction.

The given acceleration is towards Fret=Fa+ F;

the right, so this means the weight - ma

and normal force cancel each

other out.

Newton’s second law can now be

used with the friction and applied

force.

Note that the applied force and net

force are in the same direction so

they will have the same sign.

Substite in the given values. Fret=0.125xa

=0.0520 - 0.00750

Rearrange to give the acceleration of | 5 = 00520 - 000750

the toy. 0.125
=0.356ms=2

Write the acceleration as a vector a=0.356ms" to the right

with magnitude and direction.

>» Try yourself 3.1.3
FREE-BODY DIAGRAMS

upwards.

A 66.0kg student is standing in a lift on the ground floor of a building. She

presses the button marked ‘2’ to go up to her floor. The lift accelerates upwards

at 0.820ms™ for a few seconds before it then moves at a constant velocity.

a Draw a free-body diagram showing the forces that act on the student as the lift
accelerates upwards.

b Calculate the normal force the student experiences as the lift accelerates

Brief descriptions of the common forces that can act on a massive object are shown

inTable 3.1.1.

TABLE 3.1.1 Summary of the common forces that act on a massive object

applied force

weight

normal force

frictional force

tension

drag

Fa

the force given to an object by an external push or pull, such as an
engine

the force on an object due to the presence of a gravitational field

the force on an object that is due to the contact between the object
and the surface it is touching. The surface pushes back on the
object due to Newton'’s third law of motion.

the force on an object that opposes the motion of the object

the force that acts along a string or wire when it is pulled tightly by

forces at either end. It acts equally at all points in the string or wire.

air resistance, or the retarding force on an object due to its motion
through a gas or liquid

ﬂ In a free-body diagram only
forces that directly affect the
object are shown. These add up to
give the net force on the object.

The net force, in turn, then
determines the acceleration of
the object using Newton'’s second
law of motion, F = ma.

in the same direction as the push or pull

always straight down on the surface of
Earth towards the centre of Earth

always perpendicular to the surface the
object sits on

always opposite to the direction of
motion

along the string or wire, but away from
the object

always opposite to the direction of
motion
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FIGURE 3.1.7 The weight of an object is always
straight down, but the normal force is always

perpendicular to the surface it is in contact with.

ﬂ The normal force is still
perpendicular to the surface even
if the surface is not horizontal.

The weight is still straight
down even if the surface is not
horizontal.

|

mg

FIGURE 3.1.9 The forces acting on an inclined
plane should be set up according to a pair of
x- and y-axes, i.e. parallel (for the x-axis), and
perpendicular (for the y-axis) to the inclined
plane.

INCLINED PLANES

If the crate shown in Figure 3.1.7 is on the ground but the ground itself is at an
angle to the horizontal, the weight will still always act straight down, and the normal
force still acts perpendicular to the surface.

In this case the weight and normal force are no longer in a straight line, and the
magnitude of the normal force is no longer equal to the magnitude of the weight. The
magnitude of the weight still has a negative value as its direction is straight down,
but the normal force is no longer straight up. When this happens, components of
the either the normal force or the weight must be calculated in order to fully analyse
the situation.

In this situation, the crate can either be at rest, moving with a constant velocity,
or accelerating along an inclined plane. All of Newton’s laws of motion still apply;
that is, the sum of all forces acting on the crate is equal to the mass of the crate
multiplied by the acceleration of the crate, and that if the sum of forces acting on
the crate is zero, then the crate will be stationary or moving at a constant velocity.

As the angle that the inclined plane makes with the horizontal increases, the
normal force decreases. This is because there is a smaller and smaller force pushing
perpendicular to the surface when the plane is at an angle to the horizontal, and zero
when the plane is perpendicular to the horizontal (Figure 3.1.8).

'

Fg:mg Fg:mg

FIGURE 3.1.8 As the angle to the horizontal increases from 0° in (a), the magnitude and direction
of the normal force changes, as in (b) and (c), until it is zero when the inclined plane is 90° to the
horizontal. In all cases, the normal force is always perpendicular to the inclined plane.

In drawing free-body diagrams of objects on inclined planes, all forces are written
according to a set of axes that are either parallel (the x-direction) or perpendicular
(the y-direction) to the inclined plane (Figure 3.1.9). In defining the axes this way, it
is only the weight that will need to be separated into components, as the normal force
will always be perpendicular to the plane and any frictional forces will always act
parallel to the plane (since the object’s motion will either be up or down the incline).

To find the value of the normal force, the weight must be separated into
components:

* Iy, the component of F, perpendicular to the plane (which will be equal to the
normal force)

F,

o the component of I, parallel to the plane.

These components are shown as a right-angled triangle in Figure 3.1.10 and
with the full system of forces in Figure 3.1.11.

Note that the angle formed between the weight and the component of the weight
perpendicular to the plane is the same as the angle the inclined plane makes with

the horizontal.
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FIGURE 3.1.10 The components of weight
parallel (Fy,) and perpendicular (Fg) to the
inclined plgane are shown in purple. These
vectors make a right-angled triangle, with the
weight (F,) as the hypotenuse.

FIGURE 3.1.11 The angle formed between the weight and the component of the weight perpendicular
to the plane is the same as the angle the inclined plane makes with the horizontal.

As long as there are no other forces acting on the crate, the components of the
weight can now be calculated.

Using trigonometry:

j E,,
cos 6 = adjacent — Ly
hypotenuse F,
or
F,y = Fycos 60

Using the definition of weight as F, = mg, we can now write F as:

Fyy=mgcos 0

and as this vector is exactly 180° to the normal force, it must be equal to the
normal force:

Fy=Fy =mgcos 0

The component of weight acting parallel to the plane, F,,, is found using sine of

6 in a similar way to give:
F, =F,sin0

The normal force, Fy, and the component of weight perpendicular to the plane, I,
are the only forces that act perpendicular to the plane and are balanced. Since they are
equal, the net force will not be perpendicular to inclined plane. But the component of
the weight parallel to the plane, F,, is not balanced so, unless there is another force
acting parallel to the plane, the crate will accelerate down the plane. F,=mg

Typically, there are at least two other forces acting on an object on an inclined ¢ cure3.1.12 Afull free-body diagram showing
plane and they are the applied force (if the object has an engine or can supply a  all of the typical forces acting on an object that
force that helps the object to move in a forwards direction) and friction (which s accelerating up an inclined plane. All forces,
always opposes the motion of the object). These are added to the inclined plane force ~ €xcept weight, act directly along either the x- or
diagram to show the forces acting on a car accelerating up the plane (Figure 3.1.12). Y@ shown in the top right corner.

The applied force and friction do not need to have their components resolved
because they are already parallel to the inclined plane, i.e. along the x-axis.

A full free-body diagram showing all of the forces acting on an object on an
inclined plane can now be drawn for three situations and Newton’s second law used
to analyse the motion of the object. These situations are when:
¢ the applied force is up the incline
¢ the applied force is down the incline
e there is no applied force.

In all situations, unless otherwise stated, the direction of acceleration (if any),
will only be up or down the incline, not at an angle into the plane or out of the plane.
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FIGURE 3.1.13 The full free-body diagram
and weight components for the applied force
directed up the inclined plane.

0 The magnitude of the component

of the weight acting parallel to the

plane, ng, is equal to mgsin 6.

The magnitude of the component
of the weight acting perpendicular

to the plane, ng,

is equal to
mg cos 6.

W F
F &

g

FIGURE 3.1.14 The full free-body diagram
and weight components for the applied force
directed down the inclined plane.

gx

Fg =amg

FIGURE 3.1.15 The full free-body diagram and
weight components when there is no applied
force along an inclined plane.
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Applied force up the incline
A common scenario is that of the applied force acting up the incline as is the case of
a car moving up a hill either with or without acceleration.
The free-body diagram of this situation is shown in Figure 3.1.13.
The components of weight can be written:
Fyy=Fycos0
Fy = F,sin6
If the car is accelerating up the inclined plane, then the net force is parallel to the
plane. This means that the component of the net force perpendicular to the plane
must be zero, thus:
F,

net perpendicular
s by = Fgy = mgcos 0

=Fy~Fp=0

The net force can now be written as a vector sum of all of the forces acting
parallel to the plane:
F,

netparallel=Fnet=FA_ ng_ Ff= ma

Remember that the direction up the incline is taken as positive and down the
incline is taken as negative, so the applied force is the only acting force that has a
positive value. Friction and F,, have negative values. Then the acceleration of the
car up the incline will therefore be:
F,

net parallel _

Fy-F -F

m m

a=

Note that if the net force is equal to zero, then the car is either stationary, or
moving up the incline with a constant velocity or down the incline with a constant
velocity. This will happen if the applied force is equal to the frictional force plus Fi,:

IfF

net parallel — 0
then Fy — Fo, — I;=0
a=0,
with F = F; + F,

Applied force down the incline

If the applied force from the car’s engine is now down the inclined plane (i.e. the car
is moving down a hill), the only difference from the above scenario is the direction
of the applied force and friction (Figure 3.1.14).

The normal force and ng will still balance, and ng will still act down the incline,
but now friction acts up the incline, since it opposes the motion of the car. The
applied force is now in the same direction as the component of weight down the
incline. This means that the overall acceleration of the car down the incline is:

a= —Fiet paraltel _ (=Fy - Fy + 1)
m m

As the component of weight acting down the incline is now being added to the
applied force, this makes the acceleration of the car much larger than that of the
car accelerating up the incline. This is why it is much easier to move downhill than
uphill: you have a component of your weight helping you to go down the hill as well
as your own applied force.

No applied force
If there is no applied force acting on an object (i.e. a car’s engine is turned off, or
an object is allowed to roll down a hill), then the free-body diagram of the inclined
plane is simpler (Figure 3.1.15).

As long as friction is smaller than F,, the object will accelerate down the hill:
(Fy + F)

m m

a= _I'nelparallc:l =
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If the frictional force is equal to Fy, the object will move down the incline at
constant speed (or will remain at rest if it was already stationary).

In the ideal case where there is no friction acting, the value of the acceleration
of the object moving down an incline can be used to measure the value of Earth’s
acceleration due to gravity. Galileo Galilei, in a series of very famous experiments in
the 17th century, did this and showed that the time it took for an object to roll down
an inclined plane is independent of its mass.

The acceleration of an object rolling down an inclined plane without friction and
without any applied force is:

a= Fiet paratel — By
m m
_ F,sin6
=
__ mgsin@
T oom
s.oa=gsinf

As the angle of the incline is increased, sin 6 gets closer and closer to 1. This
means that the acceleration of an object gets closer and closer to 9.8ms 2. For
smaller angles, the value of the acceleration is smaller and easier to measure.

Strategies for solving inclined plane problems

The following summarises strategies for solving inclined plane problems:
» List the information you are given.

¢ Draw a free-body diagram.

* Label each force acting on the mass. Typically these forces are:

- normal force, Fy - friction, F;
- weight, Fg - tension, Fpor T’
- applied force, Fy - drag, Fp
o If the mass is accelerating, then there will be a net force in the direction of this
acceleration.

o If the mass is not accelerating, then there will be zero net force.

¢ Remember that the net or resultant force is equal to the sum of all forces acting
on the mass.

*  Weight is typically the only force that requires its components to be resolved
perpendicular and parallel to the incline. Use trigonometry to calculate these
components.

* Finally, a question might ask for the final velocity, time or displacement of the
mass moving along the inclined plane. As a reference, the four equations of

motion are given here:
v=u+at

s =ut+%ar?

v?2 =u? +2as

s= (u + v)[
2
where:

s is the displacement along the inclined plane (m)

u is the initial velocity along the plane (m s_l)

v is the final velocity along the plane (m s_l)

a is the acceleration along the inclined plane (ms™?)
t is the time taken for the acceleration (s).
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Worked example 3.1.4
INCLINED PLANES |

to gravity is 9.8ms™.

A skier of mass 50.0kg is skiing freely down an icy slope that is inclined at 20.0°
to the horizontal. Assume that friction is negligible and that the acceleration due

slope and parallel to the slope.

a Determine the components of the weight of the skier perpendicular to the

Thinking Working
The components of weight
perpendicular and parallel to the S
slope are given by trigonometric F cos 20°
equations. F ho\*
20° ngin 20°

Calculate the weight of the skier. Fg=mg=490N

m =% =50kg
Foy is the component of weight Fex = Fgsin20.0°
parallel to the slope. = 490sin20.0°

Fex = 170N down the slope

Fgy is the component of weight
perpendicular to the slope.

Fgy = Fgc0s20.0°

=490c0s20.0°
Fgy = 460N perpendicular to the slope
downwards

b Determine the normal force acting on the skier.

Thinking

Working

The normal force is equal in
magnitude to the perpendicular
component of weight, Fg, but acts in
the opposite direction.

Fn =—Fgy = 460N perpendicular to the
slope out of the plane
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¢ Calculate the acceleration of the skier down the slope.

The acceleration is then equal to the
net force divided by the mass of the
skier.

Thinking Working
The net force is down the slope, so this | F,.; = ma=sum of forces parallel to slope
will be equal to the sum of all forces F .—ma=F
. net ex
acting parallel to the slope. (The sum
of all forces perpendicular to the slope =170
add to zero.) So g=fet =170 _ 336N

a=3.4ms™ down the slope

>» Try yourself 3.1.4
INCLINED PLANES |

9.8ms™2.

slope and parallel to the slope.

A much heavier skier of mass 85.0 kg skies freely down the same icy slope.
Assume that friction is negligible and that the acceleration due to gravity is

a Determine the components of the weight of the skier perpendicular to the

b Determine the normal force acting on the skier.
¢ Calculate the acceleration of the skier down the slope.

Worked example 3.1.5
INCLINED PLANES II

An 850.0kg car is accelerating up a road with a slope of 12.0° at 0.25ms™.
Calculate the force the engine provides to the car if the frictional forces on the

car add to 500.0N.
Take g as 9.8ms™.

Thinking Working
List what is given in the question, 6=12.0°
remembering that friction is a force a=025ms>2

that acts in a direction opposite to
the motion.

F;=500.0N down the slope.
m = 850.0kg
FA = 7

Draw a diagram of the car on the
inclined plane showing all of the
forces acting on it.
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Worked example 3.1.5 continued

Since the car is accelerating up the
slope, all forces parallel to the slope
need to be accounted for.

This means that the parallel
component of weight must be
calculated.

Fgy, the perpendicular component of
weight, does not need to be calculated
here since this force, and the normal
force, do not contribute anything to the
acceleration. (Those forces are at right

angles to the net force.)

Fg: mg
=850.0x9.8
Fg=8300N straight down
Fgx = Fgsin12.0°
=8300 x sin12.0°
Fex=1700N down the slope

The car is accelerating up the slope, so
Newton’s second law can be written as:
the net force is equal to the vector sum
of friction, applied force and fg,.

The magnitudes of the vectors can now
be written with any vector going up the
slope taken as a positive value, and any
vector going down the slope taken as a
negative value.

Fnet=ma=FA—Ff—ng
And, using magnitudes of the vectors
Fnet=ma=FA—Ff—ng

Substitute the values for m, a, F;
and fg,.

Fret=ma=Fy—F— ng
=850.0 x 0.25 = F, — 1700 - 500.0
2125=F,-1700 -500.0
So, F,=212.5+ 1700 + 500.0
=2413N

Write the applied force as a vector with
magnitude and direction.

Fa, the applied force, is 2413 N up the
slope.

>» Try yourself 3.1.5
INCLINED PLANES Il

Calculate the acceleration of the car if the same car turns around and is now
accelerating down the slope with the same frictional force and applied forces

acting.
Take g as 9.8ms™.
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3.1 Review

SUMMARY

* The weight, F;, of an object is the force due to gravity.
It acts straight down in all situations.

+ A normal force, Fy, acts between an object and a
surface, at right angles to the surface.

+ On a horizontal surface, Fy = —Fg and the object is not
accelerating if there are no other forces present.

KEY QUESTIONS

Retrieval

1 State the formula for calculating the magnitude of the
weight of an object.

2 Name the unit of weight.

3 Identify the direction in which the weight of an object
acts.

4 |dentify the direction in which the normal force acts.

Comprehension

5 Explain why an object has to be in contact with a
surface for a normal force to exist.

6 In 2009 in Wisconsin, USA, a car stalled and became
stuck on a drawbridge while the drawbridge rose to an
angle of 45° (see below). The frictional force between
the car’s tyres and the road stopped it from rolling
down the drawbridge.

> 2

s

45°

Describe how the car’s weight, normal force and
frictional force acting on the tyres of the car changed
as the drawbridge rose. (Apparently the driver,
uninjured, waited until the bridge came back down
and drove off as if nothing had happened.)

7 The car in the image below is accelerating up the

inclined plane under the power of its engine.

» On an inclined plane, Fy is equal and opposite to
the component of the weight acting perpendicular
to the plane, i.e. Fy = —Fgcos 6.

» A free-body diagram shows all the forces acting on a
single object.

» Vectors are used to analyse the net force acting
on an object on an inclined plane.

Draw a free-body diagram if there is friction acting on
the car. Include the net force and x- and y-axes in your
diagram.

Analysis
8 Determine the force the engine must be applying to a

35000kg fully loaded bus being driven at a constant
velocity up a 5.1° slope, if frictional forces add to
1600N.

Two masses, 1.0kg and 3.0kg, are tied together with a
light rope and pulled up a 45¢ frictionless incline with
a force F, as shown below.

Determine the tension in the rope and the value of

F if the acceleration of the system is 2.0ms™ up the
incline.

Remember that tension is a force directed along a
rope or chain that is away from the object the rope or
chain is supporting. Draw free-body diagrams on each
block showing the directions of each force.

F

N

3.0kg

N

1.0kg

M 45°
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Chapter review

KEY TERMS

acceleration due to gravity free-body diagram

applied force frictional force

drag inclined plane

force normal force
KEY QUESTIONS

Retrieval

1 Identify the situation in which weight is equal to the
normal force.
A in all situations
B when the surface is at 0° to the horizontal
C when the surface is at 45° to the horizontal
D when the surface is at 90° to the horizontal
2 Identify the option that best describes the motion of
a rubber ball rolling down a slope on which friction is
negligible.
A It moves with constant velocity.
B It moves with constant acceleration.
C It moves with increasing acceleration.
D It moves with decreasing acceleration.

Comprehension
3 Recognise which of the following forces must balance

in order for an object to remain stationary on a

frictionless, inclined plane.

A weight and normal force

B weight and applied force

C applied force and the component of weight parallel
to the plane

D applied force and the component of weight
perpendicular to the plane

4 Recognise which of the following statements describes
the forces acting on an object on a plane inclined at an
angle 6, (6> 0°).

A The normal force and the weight cancel out.

B The normal force is equal in magnitude to the
weight.

C The normal force is always perpendicular to the
surface.

D In the absence of friction, a component of the
normal force causes the object to accelerate down
the slope.

5 Explain why it is much easier to ride a bicycle down a
hill rather than up the hill.

6 This is a partially drawn free-body diagram of a
2.58 x 10%kg broken-down truck resting on an inclined
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tension
weight

plane at an angle of 35° to the horizontal. Only the
weight and its components are shown.

a Describe the net force, and hence the acceleration,
of the truck.

b Complete the free-body diagram by drawing vectors
representing the frictional force and normal force.

¢ Calculate the magnitudes of the components of the
weight parallel, ng, and perpendicular, Fg , to the
surface of the plane.

d Calculate the magnitude of the normal force acting
on the truck.

Analysis

7

Penny is riding in a bobsled that is sliding down a
snow-covered hill with a slope of 30.0°. The bobsled is
frictionless in situations where brakes are not applied.
The total mass of the sled and Penny is 102 kg. Initially
the brakes are on and the sled moves down the hill
with a constant velocity.

A

@ 30.0°

a Determine which one of the arrows A-F best
represents the direction of the frictional force acting on
the sled.



b Determine which one of the arrows A-F best
represents the direction of the normal force acting
on the sled.

¢ Calculate the frictional force acting on the sled.

d Calculate the magnitude of Penny’s acceleration when
she releases the brakes and the sled accelerates.

e Deduce how the acceleration of the bobsled will be
affected when Penny rides the bobsled down the
same slope with the brakes off, so friction can be
ignored again. The sled now has an extra passenger
so that its total mass is 144 kg.

8 A block is sliding down a frictionless slope that is
inclined at 30.0° to the horizontal.
a Calculate the magnitude of the acceleration of the
block.
b Compare the magnitude of the normal force that
acts on the block with its weight.

9 Declan has a mass of 57 kg and he is riding his 3.0kg
skateboard down a 5.0m long ramp that is inclined at
an angle of 65° to the horizontal. Ignore friction when
answering questions a—d.

a Calculate the magnitude of the normal force acting
on Declan and his skateboard.

b Determine the net force acting on Declan and his
board when no friction acts.

¢ Calculate Declan’s acceleration as he travels down
the ramp.

d Calculate his final speed as he reaches the bottom
of the ramp, if Declan’s initial speed is zero at the
top of the ramp.

e Declan now stands halfway up the incline while
holding the board in his hands. Friction now acts
on Declan. Calculate the frictional force acting on
Declan while he is standing stationary on the ramp.

Knowledge utilisation
10 The highest waterslide in the world is in Brazil. It is
49.0m tall and is inclined at an angle of 60.0° to the
horizontal. It is known that riders reach a speed of
91.0kmh! on this slide. Do not assume friction is
negligible.
a Calculate the net force on a 70.0kg teenager using
the slide.
b Calculate the magnitude of the average frictional
force opposing the teenager’s motion.
¢ Determine the normal force acting on the teenager.
11 Belinda performed an experiment to measure the
acceleration due to Earth’s gravity using blocks of ice
of mass 3.56g. She allowed the ice blocks, initially at
rest, to slide down an inclined ramp made of polished
wood that rested on the surface of a table. She marked
the starting position and final position on the ramp and
measured the distance between them to be 1.90 m.
She placed one end of the ramp on the surface of the

table and the other end was clamped in a stand so
that that particular end could be moved up or down,
changing the angle of the ramp.

She recorded the angle between the surface of the
table and the ramp and measured the time it took for
an ice block to slide the full length of 1.90m with a
stopwatch. She then calculated the acceleration using
the equation of motion:

s=ut+ %at‘2
with an initial velocity, u, of zero, displacement, s, of
1.90m, and time, t, from the table.
This was repeated two more times and the average
values of the times were calculated and recorded (as
shown in the table below).

Angle Average time of ice | Average acceleration

(degrees) | block journey (s) of the ice block (ms3)
5.0 43 0.21

10.0 2.0 0.95

15.0 13 225

20.0 1.2 2.64

25.0 1.0 3.80

30.0 0.9 4.69

a Draw a free-body diagram of the forces acting on
the ice block, including frictional forces.

b Prove that the acceleration, a, of the ice block down

the ramp is given by:

a=gsind - %
where g is the acceleration due to Earth’s gravity,
m is the mass of the ice block, 0 is the angle of the
ramp to the horizontal, and F; is the magnitude of
the frictional force.

¢ Identify an assumption that Belinda made in using
that particular equation of motion to determine the
acceleration of the ice blocks.

d Plot a graph that shows how the acceleration of the
ice block varies with the sine of the angle. Include a
straight line of best fit.

e Determine the gradient and y-intercept of the line of
best fit, including their units.

f Determine if the y-intercept shown on the graph is
negative.

g Determine the following, using the gradient and
y-intercept:

i the frictional force that acts on the ice block as it
slides down the incline, F;
ii the acceleration due to Earth’s gravity, g.

h I|dentify one assumption that Belinda is making

about the frictional force in this experiment.
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CHAPTER

4 Motion in a circle

In Units 1 and 2, it was shown that the sum of all forces acting on an object of
mass m caused it to change its velocity, i.e. accelerate. This acceleration was in the

same direction as the net force and was calculated using Newton'’s second law:

a:@
m

This chapter explores the idea that if a force is applied perpendicularly (at right
angles) to the motion of an object, then the object will change direction. If this
force is continuously applied at right angles to the motion of an object then the
object will continue to change direction, i.e. it will move in uniform circular motion.

Syllabus subject matter
Topic 1 ¢ Gravity and motion

H CIRCULAR MOTION
describe uniform circular motion in terms of a force acting on an object in a
perpendicular direction to the velocity of the object
define the concepts of average speed and period

solve problems involving average speed of objects undergoing uniform circular
motion

define the terms centripetal acceleration and centripetal force
solve problems involving forces acting on objects in uniform circular motion.

Physics 2019 v1.2 General Senior Syllabus

© Queensland Curriculum & Assessment Authority




define and solve problems using average speed, average velocity, period

and frequency in motion around a circle

» define uniform circular motion as the motion of an object moving around a
circle with a constant speed

» differentiate between average speed and average velocity

» solve problems involving the average speed of objects undergoing uniform
circular motion.

-----

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

From the motion of tiny gears in watches to the orbits of stars around the centre
of the Milky Way galaxy, circular motion is very common. We have all experienced
circular motion and the forces it involves as passengers in a car turning a corner, or
watching a hammer thrower spin the hammer at the Olympic Games.

DESCRIBING CIRCULAR MOTION

In Figure 4.1.1, A is a point on the circumference of a circle of radius r that is
moving with a velocity, v, in an anticlockwise direction.

Whenever an object moves with constant speed in a circle, it is changing three
quantities:
e direction of its motion
* angle from its starting position

o distance from its starting point.

If A moves to A’ in a time ¢, then it will move through an angle A6. The distance
travelled by the object is therefore that arc of the circle moved in time :
direction of rotation Distance from A to A’ = arc of AA’

=27r X 3_9 = rA@ if 0 is in radians
/4
or

FIGURE 4.1.1 The mathematics of an object
moving around a circle of radius r from point A 360 180
to A, with a velocity v. Note that the direction of
the velocity constantly changes.

= 27r x A9 = "6 if g is in degrees

Recall from Units 1 and 2 that distance, a scalar quantity, is the total length of
the path taken from the starting point to the finishing point. Displacement, a vector,
is the length and direction of the shortest path (usually a straight line) from the
starting position to the finishing position.

We know that the change in distance divided by change in time is the average
speed of the object, v (or the magnitude of velocity). For an object that travels

0 Spee:d is distance div.ided by time in a circle, the total distance travelled by the object is the circumference, 27r, and
and is a scalar quantity. the total time taken for one full revolution, or cycle, is the period of the object, T,
Velocity is displacement divided by usually measured in seconds.
time and is a vector quantity, i.e. If the period of the object’s motion is the time taken for one complete revolution,

velocity needs a direction as well

' > WS then the inverse of that is the number of revolutions the object completes in one
as magnitude to fully describe it.

second. This quantity is known as the frequency, f, of the motion. Frequency
is measured in cycles or revolutions per second (s™), or hertz (Hz). Period and
frequency are related by the rule:

T =

~ =

and

|-
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Some examples of objects that have different average speeds of rotation but the
same period are shown in Figures 4.1.2 and 4.1.3.

Earth (Figure 4.1.2), rotates once every 23 hours, 56 minutes and 4.1 seconds,
which is a period of 16164.1s and a frequency of 1.16058 x 107> Hz. A point on
the equator rotates at 465ms ', while at the north and south geographic poles the
rotational speed is zero.

Figure 4.1.3 shows the planet Jupiter. It is the fastest rotating planet in our solar
system, completing one complete rotation every 9.925 hours (which is a frequency
of 2.799 x 10 Hz), and appears noticeably flattened at the poles because of this
rotation. On Jupiter’s equator, an object will travel at 13kms™"

In Units 1 and 2 it was seen that the average speed, v, could be written as:

__ total distance

total time
_d __ circumference 2rr

t period T
where:
v is the average speed around the circle (ms™)
r1s the radius of the circular path in m
T is the period of motion of the object around the circular path (s).
Similarly the average velocity, v, of an object is:

__ final displacement
total time

$
where: r
v is the average velocity around the circle (ms™)
s is the displacement of the object (m)

T is the period of motion of the object around the circular path (s).

Units of circular motion

Note that in problems of circular motion, the rotational rate of the object is
sometimes given in revolutions per minute (rpm) rather than ms ' Before any
values are substituted into the formulas, the values of rotation must first be converted
into ms™!. Some common rotational units and their conversion factors are given in
Table 4.1.1.

TABLE 4.1.1 Common units for circular motion

FIGURE 4.1.2 Earth’s rotational speed differs
depending on the latitude, or distance from the
equator At the equator, Earth rotates at about
465ms!

FIGURE 4.1.3 Jupiter takes just under 10 hours
to rotate once. As it is not one single solid
object, different layers and latitudes will rotate
with slightly different periods.

how many metres the object moves in

one second

kmh! % how many kilometres the object moves no
in one hour

rpm rpm how many complete revolutions the no
object makes per minute

rps rps how many complete revolutions the no

object makes per second

angular frequency orrad s how many radians the object turns yes

through in one second

1

degree s~ [0} how many degrees the object turns no
through in one second

period T how long one complete revolution takes yes
in seconds

frequency f how many revolutions, or cycles, are yes

completed in one second

not applicable

divide by 3.6 to convert to ms™!
divide by 60 to convert to frequency
same as frequency

divide by 27z to convert to frequency

divide by 18 to convert to rads™
divide by 360 to convert to frequency

not applicable

not applicable
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Revolutions per minute are very commonly used to describe the rotational
speeds of engines and motors. Since 2014, Formula 1 cars (Figure 4.1.4) can only
use engines that are limited to 15000 rpm. This corresponds to the piston moving

FIGURE 4.1.4 Formula 1 cars have engines that
rotate at a maximum of 15000 rpm.

inside the cylinder at 250Hz and up to 75kmh™".

Worked example 4.1.1
UNITS OF CIRCULAR MOTION

minute.

The Windy Hill Wind Farm outside of Ravenshoe on the Atherton Tablelands in
Queensland produces 12 MW of electricity. There are 20 turbines on the site and
each has blades 20.0 m long that rotate at a maximum rate of 38 revolutions per

62

a Determine the frequency of the motion of the blade.

Thinking Working

Write down what is given and what is r=20.0m

to be calculated. rpm = 38 revs per minute
T=7s
f=?Hz

v=?inms!and kmh™

Convert the revolutions per minute to
revolutions per second by dividing by
60. This will be equal to the frequency

Revolutions per second = % =0.6333rps,
which is the frequency in Hz.

in Hz. So, f=0.63Hz
b Determine the period of the motion of the blade.
Thinking Working

Calculate the period by taking the
reciprocal of frequency.

¢ Calculate how fast the tip of one blade

is moving in ms™* and in kmh™.

Thinking Working

How fast the tip of the blade is moving | ¢ = 27

is the average speed of the blade. To _

find this, the circumference needs to =2xrx200

be calculated. =12567m

The average speed is the v = 12567

circumference divided by the period. 1.6
=79ms!

To find the average speed in kmh™
multiply by 3.6.

v =79 x 3.6 = 280kmh™!

d Calculate how fast a point halfway along the blade moving in ms™.

period and frequency are the same, so
the average speed will be smaller for a
smaller radius.

Thinking Working

The average speed of a point halfway C = 2nr

along the blade is also found using _

the circumference divided by the = 2xxx100
period, but the circumference is now =62.8m
calculated using r= 10.0m instead of 628

20.0m. V=76

Note that the radius is different but the =39ms!

When the radius is halved, the average
speed will also be halved.
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>» Try yourself 4.1.1
UNITS OF CIRCULAR MOTION

A typical internal hard disc drive (HDD) for a desktop computer can rotate at up
to 7200 revolutions per minute.

a Determine the frequency of the HDD.
b Determine the period of the HDD.

¢ Calculate how fast, in ms™, a point on the edge of the HDD rotates if the
diameter of the HDD is 8.89cm.
1

d Calculate how fast a point 1.0cm from the centre of the HDD moves in ms™.

Table 4.1.2 lists the typical rotational values of several objects that move in a circle.

TABLE 4.1.2 A range of objects and their typical rotational values

Revolutions per | Frequency Period Average speed
minute (rpm) (H2) of a point at the
largest radius
rotation of the Milky 79x 10715 1.3x 10716 240 200kms™
Way galaxy at the million
Sun’s distance from years
the centre
Earth’s motion around 1.9x10° 32x10°8 1 year 30kms!
the Sun
hour hand of a clock 14 x10°3 231x10° 12 hours 12ums!
minute hand of a clock 0.0167 278 x 107 1 hour 0.2mms!
The Wheel of Brisbane  0.333 5.6 x 1073 3min 1.lms™
second hand of a 1 0.0167 60s lcms™
clock
vinyl long playing 33.3 0.56 1.8s 1.Ims?
record
helicopter’s rotor 480 8 0.13s 200ms™!
blades
washing machine 900 15 67 ms 25ms™
typical 4-cylinder 2500 42 24 ms 15ms™
petrol car
Airbus A380 Rolls 12200 203 49ms 3.8kms™
Royce jet engine
rotation speed of 16000 270 3.7ms 34pmst
the flagella of E. Coli
bacteria
Pulsar PSR 43000 716 1.40ms 7.2 x10"ms™
J1748-2446ad or
24%, of the speed
of light!
dentist’s drill 400000 6700 150ps 63ms!

The rotation of the Milky Way galaxy is
not constant and does not depend on the
radius. It is still not known why.

The average Earth to Sun distance is
149600000 km.

not applicable
not applicable
It has a radius of 30m.

not applicable

It has radius of 30cm.

It has blades 4 m long.

This is for a spin cycle.

This is the average piston speed at cruising
speed.

It is the maximum speed recommended.

It is the maximum value recorded.

It is a rapidly rotating, very small, but dense
star left over after a large star exploded. It is
the fastest spinning pulsar known.

This is the typical high speed used for
precision filing.
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Worked example 4.1.2

AVERAGE SPEED AND PERIOD AROUND A CIRCLE

A hammer is being thrown in a cage by an Olympic athlete who rotates 3.05
times each second. The total length of the athlete’s arms and hammer is 2.1 m.

a Calculate the distance travelled by the

end of the hammer in one revolution.

Thinking

Working

Write down what is given and what is
to be calculated

rps = 3.05 revs per second

r=2.1m
C=7m
s=?m
T=7s
f=7Hz
v=?ms

The distance covered by the end C = 2nr

of the hammer in one revolution is —oxax21

the circumference of the circle the ~13m

hammer traces.

b Calculate the displacement of the ham

mer in one rotation.

Thinking

Working

The displacement of the hammer is
the distance between the end point
and start point. In this case, the end
point and start point are the same
because of the circular motion of the
hammer.

s=0m

¢ Determine the period of the hammer’s

motion.

Thinking

Working

The period of the hammer’s motion
is the inverse of the frequency, i.e. the
inverse of the number of revolutions
per second.

revolutions per second = 3.05
T= ﬁ =0.328s

d Calculate the average speed of the hammer.

Thinking Working

The average speed of the hammer v=_C

is the circumference divided by the ;X Pl

period. = 0328 :
=402ms!

e Calculate the average velocity of the hammer.

Thinking Working

The average velocity of the hammer v=S

is the displacement divided by the T 0

period. = 0328
=0ms1
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>» Try yourself 4.1.2
AVERAGE SPEED AND PERIOD AROUND A CIRCLE

» A car moves from X to Y along a semicircular path as shown. The radius of the
path is 450m and the time taken to complete the trip is 50.0s.

450 m

}‘_\

=
—
>
~

o

Determine the distance from X to Y along the path taken by the car.
Determine the displacement of the car.
Calculate the average speed of the car during the trip.

o 0 T o

Calculate the average velocity of the car during the trip.

CONDITIONS FOR MOTION IN A CIRCLE

Uniform circular motion refers to the constant speed of an object as it moves in
a circular path. Keep in mind that velocity is a vector quantity that has a magnitude
(i.e. speed) and a direction. Because the direction of the object is changing, the
object’s velocity is changing, but its speed is constant. In Units 1 and 2, acceleration

was defined as the change in velocity over the change in time:
_Av _ v, -

Al Al
where v, is the initial instantaneous velocity and v, is the final instantaneous velocity
over time interval, Az, that the velocity changed.
So, even if an object’s speed is constant, it is still accelerating because its direction
is changing.
And, since an object moving in a circle starts and finishes at the same point, its
displacement is zero, hence its average velocity is zero, as seen in Worked example
4.1.2 above.

0 Average velocity is the
displacement of an object divided
by the time taken.

Instantaneous velocity is the
velocity at one instant in time, or
when the time taken to move a
certain displacement is very small.
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4.1 Review

SUMMARY

The time taken for an object to complete one
revolution around a circle is called the period, T, and
is measured in seconds.
The inverse of the period, or the number of complete
rotations per second, is called the frequency, f.
Frequency is measured in hertz (Hz) and is related to
period by:

fi=

i

For an object moving in a circle of radius r, the
average speed, v, is the circumference of the circle
divided by the period:

V= 2nr

T

KEY QUESTIONS

Retrieval
1 State the Sl units of period, frequency, average speed

and average velocity.

2 Define ‘uniform circular motion’.

Comprehension

3 Explain the difference between average speed and
average velocity of an object undergoing uniform
circular motion.

4 Explain the difference between the period and frequency
of an object undergoing uniform circular motion.

5 Explain how you could be accelerating even if you are
moving at a constant speed.

Analysis

6 The Hubble Space Telescope makes an approximately

circular orbit of Earth at an average altitude of 540km
above Earth’s surface, and a period of 95.47 minutes.
The radius of Earth is 6400 km.

a Determine the distance travelled in one revolution
around Earth.

b Determine the displacement around one revolution

of Earth.
¢ Determine the average speed of the telescope.
d Determine the average velocity of the telescope.

For an object moving in a circle, the average velocity
is zero if the object starts and finishes at the same
point.

Uniform circular motion is the motion of an object
moving around a circle with a constant speed.

An object moving at constant speed in a circle will
be accelerating, since its velocity is changing.

7 David takes a ride along a circularly curved track that

has a radius of 1250 m as shown below. He starts the
trip riding exactly due north and finishes facing due
west. He travels at an average speed of 12.3kmh™™.
Calculate the average velocity of his trip.

N

vl

S

8 Determine whether the average speed of an object

moving in a circle ever equals the magnitude of the
average velocity. Explain your answer.
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4.2 Centripetal force

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» recall that the velocity of an object moving in a circle is always
perpendicular to the radius of the circle, i.e. at a tangent to the circle

» understand that motion around a circle involves a force that is always
perpendicular to the velocity of the object

» define centripetal acceleration as the acceleration that keeps an object
moving in uniform circular motion

» define centripetal force as the net force an object experiences that keeps
it moving in uniform circular motion

» understand that centripetal acceleration and centripetal force are always
directed towards the centre of the circle the object is moving around

» solve problems involving centripetal acceleration and centripetal force.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

If the motion of an object moving in a circle were to be frozen, as in Figure 4.2.1, we
would find that the velocity vector is always pointing in a direction at a tangent to
its motion around the circular path, and at right angles to a line drawn to the centre
of the path. The direction of the velocity shows where the object would move if the
force causing it to move in a circle were to disappear.

This direction is continuously changing so that exactly one half of a rotation
later the velocity vector is pointing in the opposite direction (Figure 4.2.2).

FIGURE 4.2.1 The velocity is always at a tangent, FIGURE 4.2.2 Exactly one half of a rotation later,
or 90°, to the radius of the circle around which the velocity of an object undergoing uniform
the object is moving. circular motion has turned by 180°.

CENTRIPETAL ACCELERATION

In Figure 4.2.3, a particle is moving around a circle of radius » with uniform
speed v. The velocities at two locations on the circumference on the circle, A
and B, are v; and v, respectively. The velocity vectors v; and v, are always at a
tangent to the circle, and at right angles to the radius. Remember that v; and v,
have the same magnitude but different directions.

In order to quantify the acceleration of the particle, the time interval, Az, over
which the acceleration occurs must be kept as small as possible. This is because the
velocities at A and B are the instantaneous velocities, not the average velocities. So, if Az
is very small, then the angle at which the velocity changed, A6, must also be very small.

motion of
particle

FIGURE 4.2.3 Vectors v; and v, have the same
magnitude but different direction as the object
moves around the circle.
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FIGURE 4.2.4 The isosceles triangle formed by
adding v, to —v;

As the particle is changing direction, it must be accelerating:

_Av _ vy -

At At

To get Av we use the subtraction of vectors:

Av =0, — v =0, + (—0y)

Recall from Chapter 2 that subtracting a vector is the same as adding a vector
that is negative, or adding the reverse by 180°.

To find v, + (-v;), vector addition is used, i.e. the tail of v, is moved to the head
of —v; (Figure 4.2.4). This forms an isosceles triangle, with the angle at the apex
being A6 . The base angles can be found using:

O+¢+A0=180°
. 4 _ 180°— A8
9=

or

_ o_ A6
¢ =90 S

We cannot use Pythagoras to find the magnitude of Av since this triangle is not
a right-angled triangle, so the sine rule is used instead:

sing __ sinAf
-7 Av
or
sing _ sin A6
v Av

since the magnitude of —v; is just v.

Substituting ¢ = 90° — %9 into the sine rule above gives:

sing _ sinAf
o Mo

Sin(90° - ATG) _ sinAf
i T Av

cosd? _ sinAf

v Av
. A'v _ vsin AQ
’ cos 4

And now substituting Av into the equation for acceleration with magnitudes only:
_ Av _ osinAb

At Atcos??

In the time Az, the particle will trace out an arc from A to B. The length of the
arc is given by the rule:
_ arc length — A0

At At
so that
At = rA8
v
Substituting into the equation for a:
_ vsinA6
Atcos4
— vsinfoe + Az
COST
_ vsinA@ ﬂ
COS% v
__ vsinAf v
cos? " rAf
— 2% sin A
VAOCOS%
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When an angle, x, is very small and measured in radians, the following
approximations apply:
sinx = x
and
cosx =1
The angle through which the velocity is changing from A to B, A6, is very small,
therefore:
sinAfB = AO
and

COS(A—G) =1
2

Finally, the acceleration of a particle moving with uniform circular motion with
speed v around a circle with radius r is given by:

_ 9%sinA6
rAf cos4?

— 2% X AQ — v? xA0
rXAOX1 rxA0X1

]

sao =2
"

This acceleration, a_, is known as centripetal acceleration and is the
resulting, or net, acceleration of a body that is moving in a circle of radius r, with
a velocity v.

As it is a vector, centripetal acceleration requires a direction. For very small
angles A6, ¢ will be very close to 90° (Figure 4.2.5). Since each velocity vector is
at a tangent to the circle, and ¢ is approaching 90°, then the change in velocity
Av—i.e. the acceleration—will be at right angles to the velocity vectors »; and
v,. A vector that is at right angles to a tangent must point towards the centre of
the circle; hence, the direction of centripetal acceleration is directed towards the
centre of the circle.

No matter where the object is, if it is moving in a circle then it will have a
velocity vector at a tangent to the radius and a centripetal acceleration vector
pointing towards the centre of the circle (Figure 4.2.6). These vectors are always
at right angles to each other.

CENTRIPETAL FORCE

If the sum of all forces that act on an object cause it to move in a circle, then
Newton’s second law can be written using centripetal acceleration instead of linear
acceleration. Using the magnitudes of the quantities involved:

Feg=YHE+E+F+..
2
= F. = ma, = ™ towards the centre of the circle
r

This force is called the centripetal force, F.. It is the resulting force that causes
an object of mass m to move in a circle of radius r, with a velocity v.

Like centripetal acceleration, the centripetal force is directed towards the centre
of the circle the object is moving around. If the force acts on an object at right
angles to its uniform motion (i.e. constant speed), then the object will be continually
changing direction, hence moving in a circle.

It is important to remember that the centripetal force is the resulting, or net,
force that causes the circular motion of the object. There must always be a non-zero
net force acting on an object for it to move in a circle.

FIGURE 4.2.5 If A@is very small, then both angles
¢ are very close to 90°. Vector v, is at a tangent to
the radius (Figure 4.2.3), therefore Av is a vector

that is pointing towards the centre of the circle.

0 The magnitude of cerzltripetal
acceleration is a, = VT It is

directed towards the centre of the

circle that the object is moving
around.

FIGURE 4.2.6 The centripetal acceleration of an

object moving with uniform circular motion is
always directed towards the centre of the circ
and at right angles to the object’s velocity.

le,

0 The magnitude of centripetal
2
force is F;, = % and this is
directed towards the centre of the
circle that the object is moving

around.
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Examples of centripetal force in action

Some examples of forces that cause a net centripetal force are given below.

Turning a corner in a car

As a car turns a left corner, the tyres exert a frictional force on the road towards
the right of the car’s motion. By Newton’s third law, the road must also exert
a frictional force on the tyres in the opposite direction (the left) to the force
exerted by the tyres on the road, causing the tyres and car to move to the left
(Figure 4.2.7).

car goes this way

friction from road

centripetal force

FIGURE 4.2.7 Cars turn corners when there is an unbalanced frictional force from the road pushing
the car inwards. This inwards force is the centripetal force acting on the car.

If the force on the road from the tyres is larger than the friction between the tyres
and the road, then the tyres will lose grip and the centripetal force (i.e. net force)
from the tyres disappears. As there is no net force on the tyres, there will be no force
on the car and the car will continue to move in a straight line rather than turning the
corner (Figure 4.2.8).

] i ——
patch of ice

car goes in a straight line

where the car

should have gone

FIGURE 4.2.8 A car will skid off the road when trying to turn a corner when there is insufficient
frictional force between the road and the tyres. In this case there is no centripetal force, thus the car
continues to move in a straight line.
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When turning a corner in a car, a passenger may experience a ‘force’ pushing
them outwards. This is commonly, but incorrectly, referred to as ‘centrifugal force’.
This force does not exist (Figure 4.2.9).

FIGURE 4.2.9 Two different points of view of a ball in the tray of a utility truck moving at a constant
speed but turning left, as viewed (a) from above from the utility’s point of view and (b) from the ball’s
point of view.

Figure 4.2.9a shows the motion of a ball in the tray of a utility truck that is turning
left, from the point of view of the utility. The ball appears to violate Newton’s laws,
displaying a sideways force (the apparent ‘centrifugal force’) that is not the result of
the interaction of a force with any other object. As nothing is causing this force, it
doesn’t actually exist. So what is causing the apparent motion of the ball?

Figure 4.2.9b shows the motion of the ball from its own point of view, or from
the point of view of an outside observer watching the utility turn the corner. In this
point of view the ball obeys Newton’s first law, i.e. it will move in a straight line with
the same speed until an unbalanced force acts upon it. No forces are being applied
to the ball, so it continues moving in a straight line, shown with the dashed line in
Figure 4.2.9b. It is the truck that is being forced to move left via friction with the
road, and the ball is simply hit by the right side of the utility because the utility is
turning into the path of the ball. Hence, there is no need for a centrifugal force to
explain the ball’s motion.

Orbits of planets and moons

The Earth pulls the Moon towards it with gravitational force at right angles to the
velocity of the Moon around the Earth. Ignoring any forces from the other planets
and the Sun, the gravitational force of the Earth on the Moon is the only force acting
on the Moon (Figure 4.2.10). Hence, this must be equal to the centripetal force
on the Moon causing it to continually change direction, thus circling or orbiting
the Earth.

If Earth was to suddenly disappear, then there would be no centripetal force on
the Moon and the Moon would continue to move in a straight line with constant
speed, as per Newton’s first law of motion (Figure 4.2.11).

Quite often, the velocity of an object moving in a circle is difficult to measure,
and hence so too are the centripetal acceleration and centripetal force. One way
around this is to avoid using the velocity of the object altogether and use the radius
and period of the object, as these are usually much easier to measure.

-
- > u\
11:,
g K
gravitational’
force

\\\\ ”3 ,’///
- P"
”v Moo

FIGURE 4.2.10 The gravitational force is the only
force acting on the Moon and it acts at right
angles to the Moon'’s velocity. This means that
the net force is a centripetal force and it causes
the Moon to continually move in a circle around
Earth.

e 3 \ .
s . orbit of

' the Moon

velocity of the Moon

FIGURE 4.2.11 Without gravitational force acting
on the Moon, there is no net force. By Newton's
first law of motion, the Moon will simply move in
a straight line at constant speed.
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0 Another way to write centripetal
acceleration and centripetal force
is to use the rules dependent on
the period and independent of the
velocity of the object:

72

_ Ax¥r

When speed, v:
o=
T
is substituted into the rule for centripetal acceleration:
2
.

the magnitude of the centripetal acceleration can be written:

2711\ an*r?
( T ) _\r

r r

ac. =

_ A’y
=5
hence, the magnitude of centripetal force becomes:

_ Amn’r
E: - T2

NEWTON'S SECOND LAW AND CIRCULAR MOTION

Remember that the net force is equal to the sum of all forces acting on an object:

Foo =X E+E+F+..

If the net force on an object of mass  is not zero and is in the same direction as,
or in the opposite direction to, the motion of the object, then Newton’s second
law states:
F, .. =ma
and the object will accelerate or decelerate in the direction of its motion.
If the net force on an object of mass m is not zero and is at right angles to the
motion of the object, then Newton’s second law states:
2
F =ma. = v
T

and the object will continually be forced inwards and follow a uniform circular
motion.
If the net force on an object of mass 2 is equal to zero, then there is no acceleration
on the object and it will continue to move in the same direction with the same speed.

Worked example 4.2.1
CENTRIPETAL FORCE AND ACCELERATION

The Moon has a mass of 7.3477 x 10°°kg and takes 27.322 days to orbit Earth
at an average distance of 384399 km.

a Calculate the average speed of the Moon in its orbit around Earth.

Thinking Working

Write down what is given in the T=27.322 days
question and what you are being r=384399km

asked to calculate. Mutoon = 7.3477 x 1022 kg

v="7
a.="?
F.=7?

C
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The period and radius need to be
changed to Sl units.

T=27.322 days = 27.322 x 24 x 3600s
=2360620.8s

r=384399km = 384399 x 10°m
=3.84399 x 108m

The average speed is the
circumference of the circular orbit
divided by the period.

— 2 x 7 x 3.84399 x 108
2360620.8

=1.0231x103ms"!

b Calculate the centripetal acceleration of the Moon.

Thinking

Working

The centripetal acceleratioQ is
given by the formula a. = "7
Substitute the value for v from
part a.

V2
T
_ (1.0231x 103y
"~ 384399 x 108

=2.7230 x 10-3ms2 towards Earth

ac =

¢ Calculate the centripetal force acting on the Moon.

Thinking

Working

The centripetal force is the

F.=ma.

centripetal acceleration multiplied

— 22 -3
by the mas of the Moon, =7.3477x1022x2.730x10

=2.0008 x 102°N towards Earth

>» Try yourself 4.2.1
CENTRIPETAL FORCE AND ACCELERATION

Earth has a mass of 5.97 x 10%* kg and takes exactly 1 year to orbit the Sun at
an average distance of 150 million km.

a Calculate the average speed of Earth in its orbit around the Sun.
b Calculate the centripetal acceleration of Earth.

¢ Calculate the centripetal force acting on Earth.

When an object is twirled on the end of a string in a horizontal circle, it will
always hang below the pivot point. If the object were to trace a horizontal circle at
the same height as the pivot point, the string would be perpendicular to the direction
of the object’s weight, and there would be no component of tension in the string in
the vertical direction to balance the weight of the object. Therefore, the object traces
a circle lower than the pivot point and has both vertical and horizontal components.
The vertical component balances the weight of the object, and the horizontal
component provides the centripetal force to keep the object moving in a circle. The
tension in the string is therefore greater than the centripetal force keeping the object
moving in a circle.
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Worked example 4.2.2

HORIZONTAL CENTRIPETAL FORCE AND ACCELERATION

Jenny twirls a 230g rubber ball connected to a 2.0m long string above her head.
The ball makes an angle of 11.2° to the horizontal plane, as shown below:

2.0m
11.2° ball

string

'

@

a Sketch a free-body diagram showing all forces acting on the ball.

Thinking

Working

Write down what is given in the
question and what is being asked for.

String length =2.0m
m=230g=0.230kg
6=11.2°

F.=7

v=7

T=7?

Forces that act on the ball are tension in
the string and the weight of the ball. No
normal force exists because the ball is
not in contact with a surface.

Centripetal force is the vector sum of
the tension and the weight of the ball.

ball

b Calculate the tension in the string.

Thinking

Working

The tension in the string is found using
the vertical component of the tension
and equating that with the weight of
the ball. As the weight and vertical
component of tension are along the
y-axis, and there is no net force along
the y-axis, then the magnitude of the
weight will equal the magnitude of the
vertical component of tension.

F

g

sin11.20= e = mx-g
' Fr Fr

— 0.23><9.8212N

T sin1l2e

The tension in the string is 12N
directed towards Jenny’s hand.
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¢ Calculate the centripetal force acting on the ball.

Thinking

Working

Note that because the ball is twirled in a
horizontal circle that is 11.2° below the
centre of Jenny’s hand, the radius of the
circle is not 2.0 m. To find the radius of
the circle, use the cosine of the angle.

20m
11.2° ball
r

o_ I
cosll.2® = 50

s r=20xco0sl1.2°
=1.962m

The centripetal force on the ball is
found using the horizontal component
of tension, since that force is
unbalanced and thus equal to the
centripetal force.

o — Fc — Fc
cosll.2 =F=1
s Fo=12xcosl1.2°

=11.8N

F.= 12N, towards the centre of the
circle of rotation (just below Jenny’s
hand).

d Calculate the speed of the ball.

Thinking Working
The speed of the ball can be found mv?
. . . F="=118
using the equation for centripetal force. r
., _ [118x1962
V= 0.23
=10ms!

e Calculate the period of rotation of the ball.

Thinking Working

The period of rotation of the ball is v = 2mr

found by using the speed of the ball T

and the radius of its rotation. s T= % = %
=1.2s

f Calculate the initial speed of the ball if Jenny lets go of the string.

Thinking

Working

If Jenny lets go of the string, the
centripetal force is zero and hence the
net force on the ball is now solely due
to the weight of the ball. There is no
longer a horizontal net force, thus the
speed of the ball does not change.

At the instant the ball is released, its
motion will be in a horizontal direction
with a speed equal to the rotational
speed; however, Earth's gravity will act
to make it accelerate downwards.

The speed of the ball will be 10ms™.
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» Try yourself 4.2.2
HORIZONTAL CENTRIPETAL FORCE AND ACCELERATION

During a game of totem tennis, the 150g tennis ball is swinging freely in a
horizontal circular path as shown below.

The cord is 1.50m long and is at an angle of 60.0° to the vertical.

a Calculate the radius of the ball’s circular path.

b Sketch a free-body diagram showing all the forces acting on the ball.
¢ Determine the net force acting on the ball.

d Calculate the tension in the string.

e Calculate the speed of the ball.

Worked example 4.2.3
VERTICAL CENTRIPETAL FORCE AND ACCELERATION

Justin flies a plane in a loop-the-loop of radius 1.00km. The plane starts
out flying upside down, straight and level, and then begins curving up along
the circular loop. It is right-side-up when it reaches the top of the loop, as
shown below.

Determine how fast the plane must be going at the top of its loop if Justin is to
experience no force from the seat or seat belt.
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Thinking Working

Write down what is given in the r=1.00km
question and what you are being asked )

to find out.

To answer this question the forces Fy

acting on Justin at the top of the loop 4
must be considered using a free-body

diagram. F g
These forces could be Justin’s weight net
X
y

and the normal force from the seat.
F
g

The plane is flying in a circular loop- F .M’ _f _F
the-loop, therefore the net force is equal net — T NT '8
to the centripetal force, which is equal Fy=0

to the sum of the normal force and
Justin’s weight.

The question states that Justin
experiences no force from the seat or
seat belt, which implies that the normal
reaction force on him from the seat and
seat belt is zero.

Using the direction convention given, in F - ,,%Vz - R +F

which any force downwards is treated n

as a positive value and any force m?_04 [
upwards is treated as a negative value, "

the magnitude of the forces can now be | =~ =0+mg=mg
written. V= Jgr

Substituting in 1.00km for r gives the _ _ [58%1000
velocity required. v=gr \/lxi
=99ms”

>» Try yourself 4.2.3
VERTICAL CENTRIPETAL FORCE AND ACCELERATION

Justin flies another loop-the-loop of the same radius, but this time the plane
is upside-down and travelling at 221 ms™! as it reaches the bottom of the
1.00km loop.

Determine how many times heavier Justin ‘feels’ (i.e. calculate the normal force
acting on Justin, divided by his weight) at the bottom of the loop-the-loop.
Justin’s mass = 90.0kg.
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4.2 Review

SUMMARY

To undergo motion around a circle, an object

must experience a net inwards force that is always
perpendicular to the velocity of the object.

The centripetal acceleration, a, is the acceleration
an object experiences that keeps it moving in
uniform circular motion with speed, v, and period, T,
around a circle of radius r:

ac =

<
=%

_ Ax%r
T

The direction of centripetal acceleration is always
towards the centre of the circle the object is moving
around.

KEY QUESTIONS

Retrieval
1 State the direction in which centripetal acceleration acts.
2 State the direction in which centripetal force acts.
3 Describe the relationship that must exist between
the net force and the velocity of a moving mass for
uniform circular motion to result.
4 State the direction of the velocity vector of an object

that moves in a circle.

Comprehension

5

6

Explain why the centripetal force is not necessarily a
force that acts directly on an object moving in a circle.

Identify at which point in their rotation hammer and
discus throwers need to release their projectiles in
order for the projectile to land on the arena.

Maya arranges a toy car track with a circular vertical
loop as shown below.
X

The car is released from rest from point X and
travels inside the loop of centre C. Assume friction is
negligible. Draw in the forces, including the net force,
acting on the toy car at:

a pointY

b point Z.

The centripetal force, F, is the net force an object of
mass m experiences that keeps it moving in uniform
circular motion with speed, v, period, T, and radius r:

Centripetal force is also always directed towards the
centre of the circle the object is moving around.

Analysis

8

10

Calculate the magnitude of the centripetal acceleration

of a person standing on the surface of Earth at the
equator. Use the radius of Earth at the equator as
6378km.

Calculate this value as a percentage of the acceleration

due to Earth’s gravity, 9.8 ms™2.

A cyclotron is a device used to accelerate subatomic
particles to very high speeds in order for them to

collide and create new particles. The cyclotron consists

of an electromagnet and a circular tube for the
particles to move along. Calculate the magnitude of

the velocity of the protons if the electromagnet exerts a

force of 7.50 x 107*3N on a beam of protons, causing
them to move in a circular path of radius 1.20m. The
mass of a proton is 1.67 x 107" kg.

A 75kg pilot flies her plane in a circular vertical loop,
as shown below in the free-body diagram. At the top
of her loop, she notices she is floating freely upside-
down, apparently weightless. Calculate the radius

of the plane’s loop if the airspeed indicator shows
120ms™.
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Chapter review

KEY TERMS

average speed
average velocity
centripetal acceleration

centripetal force
frequency

10

KEY QUESTIONS

Retrieval
1 Identify the formula that correctly describes the
magnitude of centripetal force.

AF=mC B ="
CF=m D FC:mTvz 11

2 |dentify what provides the centripetal force needed to
keep something in an orbit around Earth.

3 Define ‘centripetal force’.

4 |dentify an example of a force that keeps an object
moving in a circle.

Comprehension

5 After getting off a Ferris wheel at a local amusement
park, Cameron remarks to a friend that he felt lighter
than usual at the top of the ride. Select the option that
explains why he might feel lighter at the top of the ride.
A He lost weight during the ride.

B The strength of the gravitational force was weaker at
the top of the ride.

C The normal force at the top of the ride was larger
than the gravitational force.

D The normal force at the top of the ride was less than
the gravitational force.

6 Describe what would happen if there was no friction
between the tyres of your bicycle and the road when
you tried to go around a bend.

7 Explain why an object consisting of a ball tied to a
piece of string and swung around a person’s head can
never trace out an exactly horizontal circle.

8 Explain why a hammer moves off in a straight line
when the hammer thrower lets go.

Analysis 12

9 Angelina twirls a 7.00kg hammer tied to the end of a
1.3m rope in an approximately horizontal circle. The
hammer moves at a rate of 1.0 revolutions per second.

a Calculate the average speed of the hammer as it
travels around in its path.

b Calculate the centripetal acceleration of the hammer.
¢ Calculate the tension in the rope.

period
uniform circular motion

A turbocharger is a device that is used to increase the
power and efficiency of a normal internal combustion
engine. It works using a set of blades rotating at
250000rpm to draw air into the engine. The blades of
a particular turbocharger are 6.0cm in radius.

a Calculate the frequency of the blades.

b Calculate the period of the blades.

¢ Calculate the average speed of the tip of the blades.

The galaxy NGC 1365, in the constellation Fornax,
shown below, is thought to have a supermassive

black hole in its centre. This black hole has a mass
two million times the mass of the Sun and is also the
fastest spinning object ever measured, rotating at 85%
of the speed of light.

If the radius of the black hole is 1.6 million km and the
speed of light is 3.00 x 108ms™:
a calculate the period of the black hole
b calculate the frequency of the black hole
¢ calculate the revolutions per minute of
the black hole
d calculate the magnitude of the centripetal
acceleration of the black hole.
A car goes over the crown of a hill whose road bed is
considered to be an arc of a circle in a vertical plane of
radius 40.0m. Calculate the maximum speed at which
the car may travel and not move tangentially off the
road.
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Knowledge utilisation
13 An object of mass m is just balanced on top of a
frictionless sphere of radius r as shown below.

s

S

The mass is given a small push and it slides down the
right-hand side of the sphere until it leaves the sphere
at point A.

Determine the angle 6 at which the mass leaves the
sphere.

14 Rob performed an experiment to determine the value
of the acceleration due to Earth’s gravity, g. A known,
but variable mass, m, connected to a light string was
threaded through a small tube. Connected to the other
end of the string was a small, but constant mass.

The small mass, M, was then twirled around so that the
radius, r, of the motion was kept constant. A paperclip
was attached to the string just underneath the end of
the tube so the radius of the circular motion could be
kept constant. This set-up is shown below.

, F
‘0--'****"'*7.hollow
e r .
small mass™ - - plastic .
e Jube oot

@D paper clip

?

mass
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The mass underneath the tube, m, was varied and

the period, T, of one swing was recorded in the table
below. The radius of the string was kept constant at
30.0cm, and the small mass being twirled was kept
constant at 50.0g. Rob recorded the values in the table
below:

Mass underneath tube, m (kg) | Period of one swing, T (s)
0.050 1.11
0.100 0.82
0.150 0.66
0.200 0.55
0.250 0.49
0.300 0.45

a Show that the weight, mg, of the mass underneath
the tube can be written as:

47 Mr

mg = =

b State the independent and dependent variables.

¢ Sketch a graph that shows how the period of the
motion of the constant mass changes with the mass
underneath the tube.

d Show the equation in part a so that T is the subject
of the formula. This will give you the mathematical
description of the graph in part c. Describe the
shape of the graph.

e State which axis will be changed to linearise this
graph, and what will be graphed to produce a
straight line.

f Calculate the values of the new axis.

g Draw a graph of the new linearised data to produce
a straight line.

h Calculate the values of the gradient and y-intercept
of the line, including their units.

i State the theoretical value of the y-intercept.

State the equation of the gradient.

k Determine a value for g by using the gradient or
y-intercept.

—



CHAPTER

5 Gravity

Gravity is the force that drives the universe. It was gravity that first caused atoms to
congregate together to form the first nebulas, stars and planets. An understanding
of gravity is fundamental to understanding the universe.

This chapter centres on Newton’s law of universal gravitation. This will be used
to predict the size of the gravitational force experienced by an object at various
locations on Earth and other planets. It will also be used to develop the idea of a
gravitational field. And because the field concept is also used to describe other
basic forces, such as electromagnetism, this will provide an important foundation
for further study in physics.

7

Syllabus subject matter
2 Topic 1 e Gravity and motion
B GRAVITATIONAL FORCE AND FIELDS

« recall Newton’s Law of Universal Gravitation

+ solve problems involving the magnitude of the gravitational force between
two masses

define the term gravitational fields

solve problems involving the gravitational field strength at a distance from
an object.

SCIENCE AS A HUMAN ENDEAVOUR
Developing understanding of planetary motion
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5.1 Newton’s law of universal
gravitation

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» recall Newton’s law of universal gravitation

» solve problems involving the magnitude of the gravitational force between
two masses

» calculate the strength of the gravitational force between two masses

» calculate acceleration due to gravitational force.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Gravity is one of the four fundamental forces in the universe. Ordered from
strongest to weakest forces, these four forces are:

* strong nuclear force

* clectromagnetic (EM) force

* weak nuclear force

» gravitational force.

Electromagnetic forces, which include light and magnetism, are covered in
Unit 2 (Chapter 11) and Unit 3 (Chapters 8 and 9). Strong and weak nuclear
forces act within the nucleus of atoms, as covered in Unit 1 (Chapter 3) and Unit 4
(Chapter 13).

The gravitational force (gravity) is by far the weakest force of the four.
However, because it acts at great distances (unlike the two nuclear forces), and
because it is always attractive (unlike the EM force), gravity is the force that drives
the universe we live in.

UNIVERSAL GRAVITATION

Sir Isaac Newton’s law of universal gravitation was introduced in his book
Philosophice Naturalis Principia Mathematica (Mathematical Principles of Natural
Philosophy) in 1687 (Figure 5.1.1).

Newton’s law of universal gravitation says that any two bodies attract each
other with a force that is directly proportional to the product of their masses and
inversely proportional to the square of the distance between them.

0 Mathematically, Newton’s law of universal gravitation is expressed as:
=
where
Fg is the gravitational force (N)
m; is the mass of object 1 (kg)
m, is the mass of object 2 (kg)
r is the distance between the centres of m; and m, (m)
G is the gravitational constant, 6.67 x 10‘11(N m? kg‘z)

The fact that distance r appears in the denominator of the equation indicates an
inverse relationship. The greater the distance between the two objects, the smaller
the force. As r is squared, this relationship is known as an inverse square law.
The result is that as r increases, I, decreases dramatically. Inverse square laws will
reappear again later in the chapter, when gravitational fields are examined in detail,
and also in Chapter 7.

FIGURE 5.1.1 (a) Sir Isaac Newton. (b) The
Principia is one of the most influential books in
the history of science.
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Worked example 5.1.1

GRAVITATIONAL ATTRACTION BETWEEN SMALL AND LARGE OBJECTS

distance. Here, we will do the same.

In Principia, Isaac Newton used this deceptively simple proof to show that the same force that acted on the orbiting Moon
(orbital period about Earth = 27.3 days, average radius of the Moon’s orbit about Earth = 3.84 x 108m) also acted on a
falling object (let’s say, an apple) here on Earth (radius = 6.37 x 108 m).

Newton also showed that the force acting from the Earth on both the Moon and the apple was inversely proportional to the

Compare the force on a falling apple to the force of the Moon from the Earth’s gravity.

Thinking Working

Newton used the orbit of the Moon to confirm his law of 2 ="

inverse squares. ¢ d ,

Use the equation for the centripetal acceleration of an object _ (@)

travelling in a circle (from Chapter 4). Here, d is used instead T d

of r for the radius of the Moon’s orbit. _ An’d
T2

Substitute the known values into the equation. Use:
d (radius of the Moon’s orbit) = 3.84 x 108m

a :471'2(124><71:2><3.84><108
c(Moon) = 72 (236 x 10°)

Note the measured acceleration of a falling object
(e.g. an apple) on Earth is:

8tarth = 9.8 M s

In Newton’s time this value was well known. Galileo first
measured this acceleration in 1604.

- -3 ms-2
T (period of the Moon’s orbit) = 27.3 days = 2.36 x 10°s 3oony = 2:72x10ms
Compare the acceleration of the Moon with that of a falling Satn — 98 -
apple on Earth by calculating the ratio S, %eoon) 272 10
ac Moon = 3600

The acceleration of the Moon in orbit is approximately 3600
times smaller than the acceleration of the falling apple.

Compare the two distances that the forces are acting over by
calculating the ratio Jarttoon

[earth

Calculate Zeart-toon
Tearth

where:
Geartn-Moon = 3:-84 x 10°m
Fearth = 6.37 X 10°m

Geartnmoon — 384 x 10°
6.37 x 10°

=60
The distance from Earth to the Moon is approximately
60 times greater than the distance from the centre of Earth
to its surface.

[earth

Square the ratio of the distances to compare with the ratio
of the accelerations.

Newton noted that the acceleration of a falling object on
Earth was 3600 times greater than the acceleration of the
Moon in orbit.

He also noted that the distance to the Moon was 60 times
greater than the radius of the Earth.

And, of course, 60 squared is 3600.

That is, said Newton, the same force from Earth acts on both
the orbiting Moon and a falling object at Earth’s surface.

And the strength of that force is inversely proportional to the
square of the distance.
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>» Try yourself 5.1.1
GRAVITATIONAL ATTRACTION BETWEEN SMALL AND LARGE OBJECTS

Apply Isaac Newton’s calculations as if you were a Martian scientist comparing
the acceleration of Mars’s small, close-orbiting moon Phobos with the
acceleration of a falling Martian apple.

Use 9.38 x 10°m as the radius of the orbit of Phobos, and 7 hours 40 minutes
as the period of the moon’s orbit. Use 3.71 ms™ as the acceleration of a falling
apple on the Martian surface and 3.39 x 10°m as the radius of Mars.

Even the great Isaac Newton could not quantify the gravitational constant G
when he developed his law of universal gravitation, because the mass of Earth was not
then accurately known. All Newton could say was that the force was ‘proportional’
to the distance between two objects, with the component of proportionality being
the product G X Mg,

The value of G was first determined a century later by the British scientist
Henry Cavendish, who used a sensitive torsion balance (a twisting wire) to find
the gravitational attraction between two known masses held a small distance apart.
By finding the constant G, Cavendish’s experiment also enabled the first accurate
measurement of the mass of the Earth.

Worked example 5.1.2
GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS

Mark has a mass of 90.0kg and his dance partner Bec has a mass of 75kg. The
distance between their centres is 85 cm. Calculate the magnitude of the force of
gravitational attraction between the dancers.

Thinking Working

Recall the formula for Newton’s law of Fo= GIuTe
universal gravitation. r

Identify the information required, and G=6.67 x 10°"'Nm?kg™
convert values into appropriate units m, = 90kg
where necessary. m, = 75kg

r=85cm=0.85m

Substitute the values into the F 66710 x 90 x 75
equation. CHE 0.852
Solve the equation. Fg=6.2x 107N

This force is of the order of a millionth
of a newton. To give an idea of scale,
that's about ten-thousandth the weight
of a feather.

» Try yourself 5.1.2
GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS

In Henry Cavendish’s 1798 experiment, a large lead mass was suspended beside
a smaller mass so that the centres of the two balls were 230mm apart. Ball 1 had
a mass of 160kg and ball 2 had a mass of 0.73 kg. Calculate the magnitude of the
force of gravitational attraction between them.
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GRAVITATIONAL ATTRACTION BETWEEN MASSIVE
OBJECTS

Gravitational forces between everyday objects are so small (as seen in Worked
example 5.1.2) that forces are hard to detect without specialised equipment. Such
forces are often considered to be negligible. For the gravitational force to become
significant, at least one of the objects must have a very large mass—for example, a
planet (Figure 5.1.2).

Worked example 5.1.3
GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS

Calculate the magnitude of the force of gravitational attraction between the
Moon and Earth given the following data:

Myoon = 7-35 x 10%2kg
Meann = 5.97 x 10%*kg
'Vioon-Earth = 3.84 x 108m

Thinking Working

Recall the formula for Newton’s law of | o _ Gmm:
g

universal gravitation. r

Identify the information required. G=6.67x 101 Nm?kg2
my = 7.35 x 10%2kg
m, =597 x 10%*kg

r=3.84x10%m
Substitute the values into the 22 20
_ 11 7.35 %102 x 597 x 10
equation. Fg =6.67x107 x (3.84 X 10 82
Solve the equation. Fy=1.98 x 10N

This force is close to 200 million
trillion newtons.

>» Try yourself 5.1.3
GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS

Calculate the magnitude of the force of gravitational attraction between Earth
and the Sun given the following data:

Mearn = 5.97 x 10%*kg
Mgun = 1.99 x 103%kg
Fsun-garth = 1.50 x 101" m

The forces in Worked example 5.1.3 are trillions of trillions times greater than
those in Worked example 5.1.2, illustrating the difference in the gravitational force
when at least one of the objects has a very large mass.

Explaining the structure of the universe

The greatest achievement of Newton’s law of universal gravitation was to explain
the observed movement of planetary bodies. The three laws of planetary motion
laid down by Johannes Kepler in 1609 (considered in detail in Chapter 6) had
accurately predicted the movement of the planets, but before Newton no-one knew
why the planets followed these orbits.

Newton’s simple law of universal gravitation mathematically explained the
movement of planets in ellipses, and all other aspects of Kepler’s laws. It explained
the orbit of the Moon about Earth, Earth about the Sun, the moons around Jupiter,
and all other observable planetary motion.

FIGURE 5.1.2 Gravitational forces become
significant when at least one of the objects has
a large mass, for example forces between Earth
and the Moon. Note that distances are not
shown to scale.
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FIGURE 5.1.3 Earth and the Moon exert
gravitational forces on each other.

There is one exception. Isaac Newton’s laws did not properly explain very subtle
quirks in the orbit of Mercury. For that, we needed Albert Einstein (you will learn
more about this in Module 5.2).

EFFECT OF GRAVITY
Recall that according to Newton’s third law of motion, all forces occur in equal
action—reaction pairs.

An example of such a pair is shown in Figure 5.1.3. Earth exerts a gravitational
force on the Moon and, conversely, the Moon exerts an equal and opposite force
on the Earth.

Using Newton’s second law of motion (F= ma), you can determine that the equal

gravitational force between the two bodies results in a much smaller acceleration of
the Earth than of the Moon.

Worked example 5.1.4
ACCELERATION CAUSED BY A GRAVITATIONAL FORCE

As you saw in Worked example 5.1.3, the force of gravitational attraction
between the Moon and Earth is 1.98 x 10?°N. Calculate the acceleration of Earth
and the Moon caused by this force. Compare these accelerations by calculating
the ratio Zween,

FEarth

Use the following data:
Moo = 735 x 10%2kg
Mean = 5.97 x 10%4kg

Thinking Working

Recall the formula for Newton’s F=ma
second law of motion.

Transpose the equation to make a the a="F
subject.

Substitute values into this equation to 108x10%° _ N
find the accelerations of the Moon and | Moon = 735,707 = 2.70x10ms
of Earth. and the direction is towards Earth.

20
Aarth = 7;25; > 1824 =3.32x105ms?
and the direction is towards the Moon.

Compare the two accelerations by By _ 270x10° _ g1 5
calculating the ratio Gatn T

Moon
Farth

Aan 3.32x107°

That is, the acceleration of the Moon

due to the Earth is approximately 80

times greater than the acceleration of
the Earth due to the Moon.

>» Try yourself 5.1.4
ACCELERATION CAUSED BY A GRAVITATIONAL FORCE

The force of gravitational attraction between Earth and a rugby ball kicked into
the air is 4.90N. Calculate the acceleration of the ball, and of Earth, caused by

this force. Compare these accelerations by calculating the ratio :E:—rt”h
Use the following data:

My = 500.0g

Mearn = 5.97 x 102 kg

86 UNIT 3 | GRAVITY AND ELECTROMAGNETISM



Gravity in the solar system

Accelerations caused by gravitational forces between astronomical bodies, as
calculated in Worked example 5.1.3, created the motion of the solar system.

In the Earth—Moon system, the acceleration of the Moon is many times greater
than that of Earth, which is why the Moon orbits Earth. Although the Moon’s
gravitational force causes a much smaller acceleration of Earth, it does have other
significant effects, such as the tides.

Similarly, the Earth and other planets orbit the Sun because their masses are
much smaller than the Sun’s mass. However, the combined gravitational effect of
the planets of the solar system (and Jupiter in particular) causes the Sun to wobble
slightly as the planets orbit it.

WEIGHT AND GRAVITATIONAL FORCE

You will have seen previously (Unit 2 Chapter 7 and Unit 3 Chapter 3) that the
weight of an object is calculated using the formula F, = mg.

“Weight’ is simply another name for the gravitational force acting on an object
near Earth’s surface.

Worked example 5.1.5 below shows that the formula for weight F, = mg and

Newton’s law of universal gravitation F, = G™% give the same answer for the
r

gravitational force acting on objects on Earth’s surface. It is important to note that
the distance used in these calculations is the distance between the centres of the two
objects, which is effectively the radius of Earth.

Worked example 5.1.5
GRAVITATIONAL FORCE AND WEIGHT

Compare the weight of a 30.0kg child, calculated using F, = mg, with the

gravitational force on the child due to Earth, calculated using Fg = Gm;;"a

Use the following dimensions of Earth in your calculations:
G=6.67x 107 Nm?kg™

g=98ms™?

Meanh = 5.97 x 10%*kg

Fearth = 6.37 x 10°m

Thinking Working
Apply the weight equation. Fg=mg
=30.0x9.8
=290N
Apply Newton’s law of universal E —gmm
g r2

gravitation.

—6.67 x10-11 x 397x 10%* x 30.0
’ (637 x 108)?

=294N

Compare the two values. Both equations give the same result

(to within 2 or 3 significant figures).

0 Weight is the force due to gravity.

Mass is the amount of material
contained in a body.

In distant space, far from any
large body, your weight would be
zero, but your mass would be the
same as here on Earth (and so,
for example, your inertia would
be the same, if you were trying to
change direction in space).
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0 Be aware that Newton’s law of
universal gravitation, F, = Gmi'znz,
GMm

can also be expressed as F, = =
r

This form will be introduced and
used in Chapter 6.

FIGURE 5.1.4 For three objects of equal mass
(m; = my, = mj3) with the relative positions
shown, the gravitational forces acting on the
central red ball are indicated by the green
arrows. The vector sum of the green arrows
is indicated by the blue arrow. This will be the
direction of the net (or resultant) gravitational
force on the red ball due to the other three
masses.

» Try yourself 5.1.5
GRAVITATIONAL FORCE AND WEIGHT

Compare the weight of a 5.0 kg mass on Earth’s surface calculated using the

formulas fg = mg and Fg = G2, Use the following dimensions of Earth, where
necessary: g

G=6.67x 10" Nm?kg™

g=98ms™?

Mearn = 5.97 x 10%* kg
Feartn = 6.37 x 10°m

Worked example 5.1.5 shows that the standard acceleration due to gravity at
Earth’s surface, g, can be derived directly from the dimensions of Earth. An object
with mass m sitting on the surface of Earth is a distance of 6.37 x 10°m from
its centre.

Given that Earth has a mass of 5.97 x 10** kg, then:

Weight = Fg
_ (2 Mgy
mg = Gﬁ

— G Mgarth
£ (Tar )2
6.67 x 10711 x 3:97x10%
: (6.37 x 10°)?

=9.81ms™2

This calculation shows that the acceleration of objects near the surface of
Earth, g, is a result of Earth’s mass and radius. A planet with a different mass or
different radius will therefore have a different value for g.

The measured value for g is not constant everywhere on Earth. It is higher at
the poles than at the equator, because of the slightly ‘squashed’ shape of the Earth
(i.e. the distance from pole to centre is shorter than the distance from equator to
centre). Also g varies according to nearby valleys, mountains and more dense or less
dense rock. Globally, the average value for g is 9.8 ms 2. You will learn more about
variations in gravitational field strength in Module 5.2.

Likewise, if an object is above Earth’s surface, the value of r will be greater and
therefore the acceleration due to gravity will be smaller, following the inverse square
law. This is why the strength of Earth’s gravity reduces as you travel away from
Earth.

Multi-body systems

So far, only gravitational systems involving two objects have been considered, such
as the Moon and Earth.

In reality, objects experience a gravitational force from every other object around
them. Usually, most of these forces are negligible and only the gravitational effect of
the largest object nearby (i.e. in everyday life, Earth) needs to be considered.

When there is more than one significant gravitational force acting on a body,
the gravitational forces must be added together as vectors to determine the net
gravitational force (Figure 5.1.4).

For example, the gravitational forces acting on you right now include the pull of
Earth, the pull of the Sun (about 1500 times smaller), the pull of the Moon (almost
200 times smaller again) and the pull of Jupiter (100 times smaller than that).

The direction and relative magnitude of the net gravitational force in a multi-body
system depends on the masses and positions of all of the attracting objects (i.e. m,,
m, and m5 in Figure 5.1.4).
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APPARENT WEIGHT

Scientists use the term ‘weight’ simply to mean ‘the force due to gravity’. It is also
correct to interpret weight as the contact force (or normal reaction force) between an
object and Earth’s surface. In most situations these two definitions are effectively the
same. However, there are some cases—for example, when a person is accelerating
up or down in a lift—when they give different results. In these situations, the normal
force (I1y) is referred to as the apparent weight, as this is the force that the person
will feel through their feet.

Worked example 5.1.6
APPARENT WEIGHT

A 50.0kg person is standing in a lift that is accelerating upwards at 1.8ms™.
Calculate the weight and apparent weight of the person.
Use g=9.8ms™.

a=18ms> T

Thinking Working

Calculate the weight of the person Fg=mg="50.0x9.8=490N

using fg = mg. downwards

Calculate the force required to Fret=ma=50.0x 1.8=90N

accelerate the person upwards at

1.8ms™=.

The net force that causes the Fret =90

acceleration results from the normal Fy - F, =90

reaction force (upwards) and the Fo_ 4g90 - 90

weight force (downwards). Since the N B

lift is accelerating upwards, Fy > F,. Fy=490+90

Recall that the normal reaction force Fy = apparent weight = 580N upwards,

gives the apparent weight. since it in the same direction as the
normal reaction force.

>» Try yourself 5.1.6
APPARENT WEIGHT

Calculate the apparent weight of a 100.0 kg person in a lift that is accelerating
downwards at 0.20ms™2. Use g = 9.8ms™.
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SCIENCE AS A HUMAN ENDEAVOUR

Hunting exoplanets

In recent years, scientists have been interested in
discovering whether other stars have planets like those

in our own solar system. One of the ways in which these
‘extrasolar planets’ (or ‘exoplanets’) can be detected is by
the gravitational effect they have on their host star.

When any planet orbits a star, it causes the star to
‘wobble’ enough for this wobble to be detected on Earth.
At the time of writing, thousands of exoplanets have been
discovered using this technique. These exoplanets range in
size from many times the mass of Jupiter to Earth-sized.

Consider Newton’s law of universal gravitation: F, = GMT2,
g 2
r

You will see that the larger the mass of the planet, the
greater the gravitational force between that planet and

its host star, and therefore the more it will cause its host
star to wobble. The inverse square relationship to distance
means that the closer the planet’s orbit is to the star, the
greater the wobble too. So it won’t be surprising to hear
that the easiest exoplanets to spot are those known as
‘hot Jupiters’—planets the mass of Jupiter or larger, and
orbiting their star closer than Mercury orbits the Sun.
These are the planets that exert the greatest forces on their
host star.

These hot Jupiters were the first exoplanets to be
discovered using the gravitational wobble method. In fact,
before hot Jupiters were detected, astronomers didn’t
believe that planets that large could ever form so close
to a star. So in 1995 the very first exoplanet discovered
orbiting a regular star, 51 Pegasi b, revolutionised our
understanding of how solar systems form.

Since then astronomers’ instruments have improved
and can now detect the gravitational tug of much smaller
planets.

In fact, in 2016 it was discovered that Proxima Centauri,
the star closest to us, has at least one planet not much
larger than Earth tugging at the star in time with the
planet’'s 11-day orbit. With such a small planet, the effect
on the star’s orbit is tiny—a change in velocity of only
1.4ms™L. The instrumentation used by astronomers is
precise enough to identify such small changes in velocity.

Instruments at the new observatory at Mt Kent in
southern Queensland will be able to detect even smaller
gravitational wobbles in distant stars, changes as small as
1ms™, or about the same as a very slow walking pace.
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Queensland astronomer Jonti Horner (Figure 5.1.5) has
discovered many exoplanets using gravitational wobble and
other planet-hunting methods. But he is still impressed by
the science behind these discoveries: ‘Stars are trillions
or quaderillions of kilometres away. Proxima Centauri,
the nearest, is more than 40 trillion km distant. | find it
astonishing we can measure something that is so distant
and see a wobble that is comparable to the speed at which
you or | would walk around the shops!’

FIGURE 5.1.5 Queensland astronomer Jonti Horner uses the
gravitational pull on host stars to identify distant exoplanets.

Review

1 Explain the term ‘hot Jupiters’ and why they are
reasonably easy for astronomers to detect.

2 Astronomers can discover planets orbiting distant stars
by observing the effect of the exoplanet’s gravitational
pull on its host star. The huge exoplanet Hypatia has a
mass of 1.68 x 10%®kg (almost 10 times the mass of
Jupiter).

a Calculate the magnitude of the gravitational
force that the planet exerts on its host star, given
that Hypatia orbits at an average distance of
195000000 km and the mass of its host star is
3.62 x 10%%kg.

b Calculate the magnitude of the resulting acceleration
of the planet’s host star.



5.1 Review

All objects with mass attract one another with a
gravitational force.

The gravitational force acts equally on each of the
masses.

The magnitude of the gravitational force is given by
Newton'’s law of universal gravitation: f, = G™72.

r

Gravitational forces are usually negligible unless one
of the objects is massive, e.g. a planet.

The weight of an object on the Earth’s surface is due
to the gravitational attraction of Earth and, unless the
object is accelerating, weight is equal to the normal
reaction force: weight = Fg = Fy.

KEY QUESTIONS

Retrieval

1

Describe the relationships in Newton’s law of universal
gravitation. State what the force of attraction is
proportional to. Determine what makes it greater and
what makes it smaller.

Indicate what the symbol r represents in Newton’s law
of universal gravitation.

Comprehension

3 Describe what happens to the gravitational force acting
between two masses m; and m, a distance r apart, in
each case below.

a The mass of m; is doubled.
b The distance r is doubled.
¢ The distance ris quadrupled.

4 Explain why the acceleration of the Moon caused by
the gravitational force of Earth is much larger than the
acceleration of Earth due to the gravitational force of
the Moon.

Analysis

5 Consider gravitational attraction between the Sun and

Mars, given that the mass of the Sun is 1.99 x 10°%kg,

the mass of Mars is 6.39 x 10%3kg and the average

distance between the two is 2.28 x 10! m.

a Calculate the gravitational attraction between the
Sun and Mars.

b Calculate the acceleration of Mars.

The acceleration due to gravity of an object near
the surface of Earth can be calculated using the

dimensions of the Earth: g = G(’”E—a";z =9.8ms™
[Earth

Objects can have an apparent weight that is greater
or less than their normal weight. This occurs when
they are accelerating vertically.

On 14 April 2014, Mars came within 93.0 million km
of Earth. At that point its gravitational effect on Earth
was the strongest it had been for over 6 years. Use the
following data to answer the questions below.
Mgy = 1.99 x 10%kg
Meartn = 5.97 x 10%*kg
Miars = 6.39 x 102kg
a Calculate the gravitational force between Earth and
Mars on 14 April 2014,
b Calculate the force of the Sun on Earth, given that
the distance between them is 150 million km.
¢ Compare your answers to parts a and b above by
expressing the Mars-Earth force as a percentage of
the Sun-Earth force.
d Calculate the distance r between Earth and Mars
at the greatest distance between the two planets,
where the gravitational force between Mars and the
Earth is 5.03 x 10"°N.
Compare and explain the difference between the terms
‘weight’ and ‘apparent weight’, giving an example of a
situation in which the magnitudes of these two forces
would be different.
Two astronauts, Sandra and George, each of mass
150kg (including their suits), float in outer space
1.00m apart.
a Calculate the gravitational force between them.
b Calculate the resulting acceleration of each
astronaut.
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5.1 Review continued

9

10

Consider the force of gravity on Mercury, a small rocky

planet.

a State the equation you would use to calculate
gravitational acceleration on the surface of Mercury.

b Explain the effect the much smaller radius of
Mercury has on gravitational acceleration. Mercury
has a radius only a third of the radius of Earth.

¢ Explain the effect the much smaller mass has on
gravitational acceleration. The mass of Mercury is
much smaller than that of Earth.

d Calculate gravitational acceleration on the surface
of Mercury, given that Mercury has a mass of
3.29 x 10%®kg and a radius of 2440km.

e Calculate the weight of Hermes, a 75.0 kg astronaut
standing on the surface of Mercury.

Calculate the weight of Aphrodite, a 75.0kg astronaut

standing on the surface of Venus, given that the planet

has a mass of 4.87 x 10**kg and a radius of 6050 km.

11

12

Calculate the apparent weight of a 50.0kg person
in a lift under the following circumstances. Use
g=98ms>.

a accelerating upwards at 1.24ms™

b moving upwards at a constant speed of 50ms!

In 1846, Newton'’s laws of gravity allowed astronomers
to predict the existence of Neptune, the eighth planet
in the solar system, based on variations in the orbit of
Uranus.

a Calculate the maximum force between the two
planets if the mass of Uranus is 8.68 x 10% kg, the
mass of Neptune is 1.02 x 1026 kg, and the shortest
distance between the two planets is 1.63 x 10%km.

b Compare this with the gravitational force of the Sun
on Uranus if the mass of the Sun is 1.99 x 10°kg
and the distance from the Sun to Uranus is
2.87 x 10%km.
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5.2 Gravitational fields

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» define ‘gravitational fields’

» solve problems involving the gravitational field strength at distance
from an object.

Newton’s law of universal gravitation describes the force acting between two
mutually attracting bodies. In reality, complex systems like the solar system involve
a number of objects (e.g. the solar system has the Sun and planets (Figure 5.2.1))
that are all exerting attractive forces on each other at the same time.

Inthe 18th century, to simplify the process of calculating the effect of simultaneous
gravitational forces, scientists developed a model known as the gravitational field.
In the following centuries, the idea of a field was also applied to other forces and
has become a very important concept in physics.

GRAVITATIONAL FIELDS

A gravitational field is a region in which a gravitational force is exerted on all matter
within that region. Every physical object has an accompanying gravitational field.
For example, the space around your body contains a gravitational field because
any other object that comes into this region will experience a (small) force of
gravitational attraction to your body.

FIGURE 5.2.1 The solar system is a complex
gravitational system.

The gravitational field around a large object such as a planet is much more
significant than that around a small object. Earth’s gravitational field exerts a
significant influence on objects on its surface and even up to thousands of kilometres
into space.

Discovering Neptune

The planet Neptune was discovered through its gravitational effect on other planets
and the application of Newton’s law.

Two astronomers, Urbain Le Verrier of France and John Couch Adams of
England, each independently identified that the observed orbit of Uranus varied
significantly from predictions made based on the gravitational effects of the Sun and
other known planets. Both astronomers suggested that this was due to the influence
of a distant, undiscovered planet.

Le Verrier sent a prediction of the location of the new planet to Gottfried Galle
at the Berlin Observatory and, on 23 September 1846, Neptune was discovered
within 1 degree of Le Verrier’s prediction (Figure 5.2.2).

FIGURE 5.2.2 (a) Picture of Neptune taken by Voyager 2 in 1989. (b) This star chart published in
1846 shows the location of Neptune in the constellation Aquarius on its discovery, and its location
one week later, on September 30.
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FIGURE 5.2.3 The arrows in this gravitational
field diagram indicate that objects will be
attracted towards the mass in the centre. The
spacing of the lines shows that force will be
strongest at the surface of the central mass and
weaker further away from it.

Representing gravitational fields

Over time, scientists have developed a commonly understood method of representing
fields using a series of arrows known as field lines (Figure 5.2.3). For gravitational
fields, these are constructed as follows.

e The direction of the arrowhead indicates the direction of the gravitational force.
* The space between the arrows indicates the relative magnitude of the field:
- closely spaced arrows indicate a strong field
- widely spaced arrows indicate a weaker field.
* Parallel field lines indicate constant or uniform field strength.
e Gravitational field lines emanate from the source of the field.
* The lines never cross.

In theory, you could draw an infinite number of field lines, but in fact only a few
are needed to represent the rest. The size of the gravitational force acting on a mass
in the region of a gravitational field is determined by the strength of the field, and
the force acts in the direction of the field.

Worked example 5.2.1
INTERPRETING GRAVITATIONAL FIELD DIAGRAMS

The diagram below shows the gravitational field of a moon.

a Use arrows to indicate the direction of the gravitational force acting at points A
and B.

Thinking Working
The direction of the field arrows
indicates the direction of the
gravitational force, which is inwards e A
towards the centre of the moon.
B
o—,

1N

b Indicate the relative strength of the gravitational field at each point.

Thinking Working

The closer the field lines, the stronger
the force. The field lines are closer
together at point A than they are at
point B, as point A is closer to the
moon.

The field is stronger at point A than at
point B.
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>» Try yourself 5.2.1
INTERPRETING GRAVITATIONAL FIELD DIAGRAMS

The diagram below shows the gravitational field of a planet.
oA

e
K

oC

a Use arrows to indicate the direction of the gravitational force acting at points
A, B andC.

b Indicate the relative strength of the gravitational field at each point.

GRAVITATIONAL FIELD STRENGTH

In theory, gravitational fields extend infinitely out into space. However, since the
magnitude of the gravitational force decreases with the square of distance, eventually
these fields become so weak as to become negligible.

In Module 5.1, you calculated the acceleration due to gravity of objects near the

Earth’s surface using the dimensions of the Earth: g = G(ME—“‘;'Z =9.8ms=2.
TEarth,

This acceleration is known as the standard acceleration due to gravity, and is
usually indicated by the letter g or gg,.«,- This value is also used as a measure of the
strength of the gravitational field, in which case it is written with the equivalent units
of Nkg™" rather than ms 2. This means gg,, = 9.8 Nkg ..

These units indicate that objects on the surface of the Earth experience 9.8 N of
gravitational force for every kilogram of their mass.

Accordingly, the familiar equation F, = mg can be rearranged so that the
gravitational field strength, g, can be calculated:

i PR
where
g is gravitational field strength (N kg™)
Fg is the force due to gravity (N)
m is the mass of an object in the field (kg)

Worked example 5.2.2
CALCULATING GRAVITATIONAL FIELD STRENGTH

When Maree hangs a 1.00kg mass from a spring balance, the balance measures
a downwards force of 9.8N.

Calculate the gravitational field strength of the Earth at this location, according to
this experiment.

Thinking Working
Recall the equation for gravitational F,
field strength. m
Substitute in the appropriate values. g= 98
1.00
Solve the equation. g =9.8Nkg™! downwards
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;- Ger
where

g is the gravitational field
strength (Nkg™)
G is the gravitational constant,
6.67 x 107! Nm?kg™
M is the mass of the planet or
moon (i.e. the central body; kg)
r is the radius of the planet or
moon (m)

field
source

FIGURE 5.2.4 As the distance from the source of
a field increases, the field is spread over an area
that increases with the square of the distance
from the source. This means that the strength of
the field decreases by the same ratio.

» Try yourself 5.2.2
CALCULATING GRAVITATIONAL FIELD STRENGTH

Dion uses a spring balance to measure the weight of a piece of wood as 2.53 N.
If the piece of wood has a mass of 259g, calculate the gravitational field strength
indicated by this experiment.

As was shown earlier in this module and in Worked example 5.1.5, the formula for

gravitational field strength, g = s | can be combined with Newton’s law of universal
m

gravitation, F, = G Mz’", to develop the formula for gravitational field strength:
p

oy

=8
g m
Mm
G
=_r
m

Therefore: g = Grﬂ2

where
g is the gravitational field strength (Nkg™)
G is the gravitational constant, 6.67 X 107N m? kg_2
M is the mass of the planet or moon (i.e. the central body; kg)
r1s the radius of the planet or moon (m).

The inverse square law

The concept of a field is a very powerful tool for understanding forces that act at a
distance. It has also been applied to such forces as the electrostatic force between
charged objects and the force between two magnets.

The study of gravitational fields introduces the concept of the inverse square
law. From the point source of a field, whether it be gravitational or electric, the field
will spread out radially in three dimensions. When the distance from the source is
doubled, the field will be spread over four times the original area.

Figure 5.2.4 shows an increasing distance from the field source of » then 27 then
3r. As you can see, a projection of one square at distance r increases to four squares
(2%) at distance 2r and increases to nine squares (3°) at distance 37.

As the ‘inverse’ part of the inverse square law implies, at a distance 27 from the
source the strength of the field will be reduced to a quarter of the field at distance 7.
The force the field would exert at that distance will also be reduced to a quarter. At
a distance 3r from the source, the field will be reduced to one-ninth of the field at
distance r, and so on.

0 In terms of the gravitational field, the strength of the force varies inversely with
the distance from the source of the field, squared:
F o ,12
where
F is the force (N)
r is the distance from the source of the gravitational field (m).

This is referred to as an inverse square law. (Refer to the Skillbuilder on
page 464 of Pearson Physics 11 Queensland for more information on
proportional reasoning.)

One key difference between the gravitational force and other inverse square
forces is that the gravitational force is always attractive, whereas like charges, or
magnets with the same pole facing, repel one another.

Inverse square laws are an important concept in physics, not only in the study of
fields but also in studying phenomena where energy is moving away from its source
in three dimensions, such as in sound and other waves.
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Variations in gravitational field strength of Earth

The gravitational field strength of Earth, g, is usually assigned a value of 9.8ng_1.
However, the field strength experienced by objects on the surface of Earth can
vary—it can be between 9.76 ng_1 and 9.83Nkg !, depending on the location.

Several factors influence the varying gravitational field strength. Earth is not
a perfect sphere, but is ‘flattened’ at the poles (Figure 5.2.5). This means objects
near the equator are slightly further from the centre than objects at the poles, so the
gravitational field is slightly weaker at the equator than at the poles.

Geological formations can also create differences in gravitational field strength,
depending on their composition. Geologists use a sensitive instrument known as a
gravimeter (Figure 5.2.6) that detects small local variations in gravitational field
strength to indicate underground features. Rocks with above-average density, such
as those containing mineral ores, create slightly stronger gravitational fields, whereas
less-dense sedimentary rocks produce weaker fields.

FIGURE 5.2.6 A gravimeter can be used to measure the strength of the local gravitational field.

If Earth’s surface is considered a flat surface as it appears in everyday life, then
the gravitational field lines are approximately parallel, indicating a uniform field
(Figure 5.2.7).
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1 1 1 1
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1 1 1 1
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1 1 1 1
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1 1 1 1
1 1 1 I
! ! '

FIGURE 5.2.7 The uniform gravitational field, g, is represented by evenly spaced parallel lines in the
direction of the force.

However, when Earth is viewed from a sufficiently large distance to see
it as a sphere, it becomes clear that its gravitational field is not uniform at all
(Figure 5.2.8). The increasing distance between the field lines indicates that the
field becomes progressively weaker out into space.

This is because gravitational field strength, like gravitational force, is governed

by the inverse square law:
g= G Mearn

2
(rizaren )

South Pole

equatorial diameter
12756 km

polar diameter

12714 km

FIGURE 5.2.5 Earth is a flattened sphere, which
means its gravitational field is slightly stronger at

the poles than the equator.

FIGURE 5.2.8 Earth’s gravitational field becomes
progressively weaker out into space.
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o
36 000 km 0‘*\\\ g=022Nkg"

6400 km | g = 2.5 N kg

| .

1000 km - g =7.3 N kg™

400km - g =8.7Nkg'
surface | g=9.8 N kg

FIGURE 5.2.9 Earth’s gravitational field strength
is weaker at higher altitudes.

6 g= GMearin
P TR Y
(Feanp + alititude)

The gravitational field strength at different altitudes can be calculated by adding
the altitude (height above the surface of Earth) to the radius of Earth to calculate

the distance the object is from Earth’s centre (Figures 5.2.9 and 5.2.10).

Gravitational field strength
at different altitudes

10
9
8
-1\
r6\
Bl
2, MR
003 \
21N\
1
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h[10°m]

S
W

FIGURE 5.2.10 As the distance from the surface of Earth increases from 0 to 40 x 106m, the value
for g decreases rapidly from 9.8 N kg‘l, according to the inverse square law. The blue line on the
graph gives the value of g at various altitudes (h).

Worked example 5.2.3

CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES

Calculate the magnitude of Earth’s gravitational field at the top of Mt Everest.

Feartn = 6.37 x 10°m
Meanh = 5.97 x 10%*kg
height of Mt Everest = 8848 m

Compare the answer with average gravitational field strength at sea level,

field strength.

9.8Nkg™.
: Thinking Working
Recall the formula for gravitational g=G"
r

Add the height of Mt Everest to the
radius of Earth.

r=6.37 x 10° + 8848 m
=6.378 x 10°m

Substitute the values into the formula.

| Compare the field strength at the

height of Mt Everest with the global
average at sea level by calculating
the ratio Sewerest,

8average
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g=GY

24
=6.67x10711 x 227x10
(6.378 x 10°)?

=9.79Nkg!
SEverest — ﬂ
Gaverage 98

=0.9986

The gravitational field strength at
the top of Mt Everest is 99.9% of the
average strength at sea level.



>» Try yourself 5.2.3
CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES

The International Space Station (ISS) orbits at an altitude of approximately
400km. Calculate the magnitude of the gravitational field strength at this height.

h|SS = 4000 km
Fearth = 6.37 x 10°m
Meann = 5.97 x 10%*kg

Compare the answer with the average gravitational field strength at sea level,
9.8Nkg™.

Consider whether astronauts are ‘weightless’ at this altitude.

Gravitational field strengths on another planet or moon

The gravitational field strength on the surface of the Moon is 1.62 ng_l, which is
much less than on Earth. This is because the Moon’s mass is so much less than the
mass of Earth, more than making up for its smaller radius.

The formula g = GM2 can be used to calculate the gravitational field strength on
the surface of any astronomical object, such as Mars (Figure 5.2.11).
Worked example 5.2.4
GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON

Calculate the magnitude of the gravitational field on the surface of the Moon,
given that the Moon’s mass is 7.35 x 10°?kg and its radius is 1740 km.

Compare the answer with Earth’s average gravitational field strength 9.8 Nkg™.

Thinking Working

Recall the formula for gravitational g=G"

field strength. r

Convert the Moon'’s radius to m. r=1740km
=1740 x 1000m
=1.74x10°m

Substitute values into the formula. el
£=52

= 6.67 x 10-11 5 735x10%
(1.74 x 10°)2

=1.62Nkg™
Compare the field strength with Bearn _ 98
Earth’s average gravitational field 8Moon 162
strength by calculating the ratio St =6.1

Moon

The gravitational field strength on the
surface of Earth is six times stronger
than on the Moon.

>» Try yourself 5.2.4
GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON

Calculate the strength of the gravitational field on the surface of the distant
exoplanet Kepler-10C, the largest known rocky planet, which is 17 times more
massive than Earth.

MKepIer-lOC =10x 1026 kg
Ikepler-10c = 15000 km
Compare the answer with Earth’s average gravitational field strength 9.8N kg‘l_

FIGURE 5.2.11 The gravitational field strength
on the surface of Mars (shown here) is different
from the gravitational field strength on the
surface of Earth, which, in turn, is different from
that on the Moon.
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Introducing general relativity

Hold onto your hats. Here’s a shock: Newtonian gravity is not the way the universe
actually works! Newtonian gravity is a wonderfully useful approximation that works
in all but the most extreme conditions. But in those extreme conditions, for example
within black holes or very close to very massive objects such as stars, Newton’s
model of gravity stops working properly.

The system that really explains the way gravity functions was developed by
Albert Einstein in 1915, and is known as general relativity.

When general relativity was first proposed, physicists struggled to accept that
Newton’s long-accepted laws were wrong.

However, the theory was accepted when Einstein’s general relativity correctly
explained the quirks in Mercury’s orbit that Newtonian physics could not, and
properly predicted the bending of light as it passed the Sun.

General relativity also predicted the existence of gravitational waves, which were
detected by the LIGO facilities in late 2015, after a huge international scientific
effort including many Australian researchers (see Science as a Human Endeavour).

There are two principles of general relativity that explain how mass and
‘spacetime’ (the fabric of the universe) affect each other:

1 Mass tells spacetime ‘how to bend’.
2 The curvature of spacetime tells mass ‘how to move’.

You will learn more about special relativity in Chapter 10.
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SCIENCE AS A HUMAN ENDEAVOUR

Gravitational waves and the Australian connection

The successful detection of gravitational waves in late
2015 was the culmination of a century of physics. When
Albert Einstein predicted such waves in his 1915 theory of
general relativity, he said they could never be detected, as
the displacement would be too small to measure.

According to Einstein’s theory of general relativity, objects
with mass bend spacetime. Two massive objects, such as
black holes, that had been orbiting each other, would cause
ripples in spacetime if they collided. These ripples are
gravitational waves.

Fast forward to 2015 and the instruments at LIGO (the
Laser Interferometer Gravitational-Wave Observatory) are
accurate enough to measure displacements as small as
one-thousandth the width of a proton.

LIGO is made up of two large facilities: one in
Washington state, in the northwest of the USA, and the
other 3000 km southeast near New Orleans, Louisiana.
Each facility comprises two 2km long buildings at right
angles, along which a laser is shone and reflected back.
The two perpendicular beams should arrive simultaneously,
with any tiny deviations indicating that the length of one
building has increased or decreased.

And as a gravitational wave passes through the Earth,
that is precisely what happens. Depending on the source
of the wave, one building or the other becomes about one
quadrillionth of a mm (107*8m) longer than the other for a
few milliseconds as the wave passes.

v

Australian physicists played a key part in the project,
including working on the mirrors that position LIGO’s
lasers, the detectors that detect changes in path length,
and software to interpret results. Australian gravitational
waves research is coordinated by the ARC Centre of
Excellence for Gravitational Waves Discovery (OzGrav).

The first gravitational waves were successfully detected in
September 2015, and were calculated to be the result of a
collision between two black holes: one of 36 solar masses
(i.e. 36 times more massive than our Sun) and one of
29 solar masses.

Review

1 Explain how gravitational waves that pass through the
Earth are detected by the LIGO observatory.

2 The first gravitational waves event to be measured,
in September 2015, was found to be the result of
a collision between two orbiting black holes: one
36 times more massive than our Sun (7.16 x 103! kg)
and another 29 times more massive than our Sun
(5.77 x 1031 kg). Because black holes are so dense, at
the moment they merged it is calculated their centres
were only 350km apart. Calculate the gravitational
force between the two black holes at the moment

they merged.

FIGURE 5.2.12 (a) Monash University (Australia) astrophysicist Chris Whittle in the optics vacuum chamber at LIGO, Washington USA, assisting
with the replacement of an interferometer mirror. The cleanroom suit minimises dust, which can foul the equipment.
(b) LIGO’s observatory in Washington state, USA, showing the two perpendicular arms of the facility.
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5.2 Review

SUMMARY

A gravitational field is a region in which a gravitational

force is exerted on all matter within that region.

A gravitational field can be represented by a

gravitational field diagram.

- The arrowheads indicate the direction of the
gravitational force.

- The spacing of the lines indicates the relative
strength of the field. The closer the line spacing,
the stronger the field.

KEY QUESTIONS

Retrieval

1

State the units used to express acceleration due to
gravity. State the average value for the acceleration
due to gravity at the Earth’s surface.

Name the person who proposed the new theory

of gravity in 1915, which correctly explained even
extreme gravitational fields.

Comprehension

3 Describe the direction in which gravitational field lines
point within a classroom at the Earth’s surface. Explain
why we assume the field lines are parallel.

Analysis

4 Compare the magnitude of the gravitational field at a

distance of 1200km from the centre of a planet with
that at a distance of 400 km.

Determine the gravitational field strength in the
classroom of Imogen and Scott who use a spring
balance to measure the weight of a 149g set of
slotted masses to be 1.45N.

Calculate the magnitude of Earth’s gravitational field
for each different type of orbit listed in the table below.

I‘Earth = 6370 km

Meganih = 5.97 x 10%*kg
Type of orbit Altitude (km)
a low-Earth orbit 2 000.0
b medium-Earth orbit 10 000.0
c semi-synchronous orbit | 20 200
d geosynchronous orbit 35 786
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The strength of a gravitational field can be calculated
using the following formulas: g = %g and g = Ger-

The gravitational field strength on Earth’s surface is
approximately 9.8 Nkg™'. This varies from location to
location and with altitude.

The gravitational field strength on the surface of
any other planet depends on the mass and radius of
the planet.

On 12 November 2014, after many attempts, the

Rosetta spacecraft landed a probe on the comet

67P/Churyumov-Gerasimenko.

a Calculate the magnitude of the comet’s gravitational
field strength at its surface, assuming this comet is
a roughly spherical object with a mass of
9.98 x 10'?kg and a diameter of 1.80km.

b Compare this gravitational field strength with that at
the Earth’s surface, 9.8 ms™2.

When a star dies, its atomic structure may collapse
to form a very small, very dense body known as a
neutron star. A typical neutron star may still have a
mass larger than our Sun, but be smaller than a city.
a Compare the gravitational field strength on the
surface of such a star with that on our own Sun.

b Calculate the gravitational field strength at the
surface of a neutron star that has mass 3 x 10°kg
and radius 10km.

¢ Compare this to the strength of the gravitational
field at Earth’s surface.

Use ggin = 9.8ms™2.

d Calculate the distance from the neutron star where
the gravitational field strength is the same as the
gravitational field strength at the surface of Earth.
Use Sgarn = 9-8ms™2

A hypothetical planet in a distant solar system is

distinctly non-spherical in shape. Its polar radius

(5.0 x 10km) is only half of its equatorial radius

(1.00 x 10*km).

a Describe how different the gravitational field strength
would be at the equator compared to the poles.

b Calculate the magnitude of the field at the
equator, and confirm your answer from part a. The
gravitational field strength at the poles is 8.10Nkg™.

Calculate the distance, in Earth radii, of an astronaut
from the centre of Earth when the astronaut travels
away from Earth to a region in space where the
gravitational force due to Earth is only 1.0% of that at
the Earth'’s surface.



Chapter review

KEY TERMS

altitude gravitational constant
apparent weight gravitational field

field gravitational field strength
gravimeter gravitational force

KEY QUESTIONS

Retrieval

1 Newton’s law of universal gravitation is used to
calculate the gravitational force acting on a person
standing on the surface of Earth. Assume the mass of
Earth is 5.97 x 10°*kg and its radius is 6370 km.
a State the equation you would use to calculate

gravitational force.

b Indicate what units your answer will be given in.

Comprehension
2 The planet Jupiter and the Sun exert gravitational
forces on each other.

a Determine, qualitatively, the force exerted on Jupiter
by the Sun and compare it to the force exerted on
the Sun by Jupiter.

b Determine, qualitatively, the acceleration of
Jupiter caused by the Sun and compare it to the
acceleration of the Sun caused by Jupiter.

Analysis
3 A person standing on the surface of Earth experiences
a gravitational force of 900 N. Determine which of
the following gravitational forces this person will
experience at a height of two Earth radii above Earth’s
surface.
A 900N
B 450N
C zero
D 100N
4 During a tourist space mission, a wealthy astronaut
of mass 100.0kg initially accelerates at 30.0ms™2
upwards, then travels in a stable circular orbit at
an altitude where the gravitational field strength is
8.20Nkg™.
a Determine the apparent weight of the astronaut
during lift-off.
A zero
B 980N
C 2020N
D 3980N

inverse square law
Newton’s law of universal gravitation

b I|dentify which of the following the astronaut will feel
during the lift-off phase.
A lighter than usual
B heavier than usual
C the same as usual
¢ ldentify the mass of the astronaut during the lift-off
phase.
A lower than usual
B greater than usual
C the same as usual
d Determine the true weight of the astronaut during
the orbit phase.
A zero
B 980N
C 100.0N
D 820N
The gravitational force of attraction between Saturn
and Dione, a moon of Saturn, is equal to 2.79 x 10°°N.
Calculate the orbital radius of Dione. Use the following
data:
mass of Dione = 1.05 x 10° kg
mass of Saturn = 5.69 x 10°°kg
Of all the planets in the solar system, Jupiter exerts the
largest force on the Sun: 4.16 x 10?>N. Calculate the
acceleration of the Sun due to this force, using mass of
the Sun = 1.99 x 103%kg.
Calculate the acceleration due to gravity on the surface
of Pluto if it has a mass of 1.31 x 10?°kg and a radius
of 1190 km.
Calculate the apparent weight of a 50.0 kg person
in a lift under the following circumstances. Use
g=98ms>.
a accelerating downwards at 0.600ms2

b moving downwards at a constant speed of
2.00ms™
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11

12

A comet of mass 1100kg is plummeting towards

Jupiter. Jupiter has a mass of 1.90 x 10?’ kg and a

radius of 7.15 x 10’ m. The comet is about to crash

into Jupiter.

a Calculate the magnitude of the gravitational force
that Jupiter and the comet exert on each other.

b Calculate the acceleration of the comet towards
Jupiter.

¢ Calculate the acceleration of Jupiter towards the
comet.

Calculate the distance from the Sun (which has a

mass of 1.99 x 10%° kg), at which an astronaut would
experience the same gravitational field strength as they
experience at the Earth’s surface (namely 9.8N kg‘l).

Determine what gravitational field strength has been
assumed in the following setting. A set of bathroom
scales is calibrated so that when the person standing
on it has a weight of 6.00 x 10°N, the scales read
61.5kg.

Calculate the gravitational field strength at the surface

of Neptune, which has a radius of 2.48 x 10’m and a
mass of 1.02 x 10%°kg.

Knowledge utilisation
15 The value for gravitational acceleration g decreases according to the inverse square law with increasing altitude above
Earth, as shown in the diagram and graph. The blue line on the graph gives the value of gravitational acceleration (g)

104

at various altitudes (h).

13

14

Earth is a flattened sphere. Its radius at the poles is
6357 km, and at the equator the radius is 6378 km.
Earth’s mass is 5.97 x 10%*kg.

a Calculate Earth’s gravitational field strength at the
equator.

b Calculate how much stronger the gravitational
field would be at the North Pole compared with
the equator using the information in part a. Give
your answer as a percentage of the strength at the
equator to one significant figure.

Two stars of masses M and m are in orbit around
each other. As shown in the following diagram, they
are a distance R apart. A spacecraft located at point
X experiences zero net gravitational force from these
stars. Calculate the value of the ratio %

0.80R

a Determine the approximate altitude at which the gravitational field strength will be 4N kg™ using the graph.
b Compare the strength of the gravitational field strength at ground level and at an altitude of 6500 km, using the

graph. Predict what the difference will be.
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L Satellites are an integral part of our modern technological society. Our

communications, including television, the internet, navigation, weather
forecasting and space exploration all rely on our ability to place satellites into
the correct orbits.

This chapter has two main themes.

J The first looks at how our understanding of the universe developed over many
millennia, beginning with a geocentric model and culminating in the heliocentric
model of the solar system. The basic laws uncovered in that time are now used at
the very frontiers of science to help us understand galaxies and discover worlds
orbiting distant stars.

The second theme examines natural and artificial satellites and demonstrates how
Kepler's and Newton’s laws help us to know what they are and how they behave.

Syllabus subject matter / /.
Topic 1 e Gravity and motion

B ORBITS

« recall Kepler's laws of planetary motion

« solve problems involving Kepler’s third law
recall that Kepler’s third law can be derived from the relationship between
Newton’s Law of Universal Gravitation and uniform circular motion.

SCIENCE AS A HUMAN ENDEAVOUR
Artificial satellites
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recall all three of Kepler’s laws

» show how Kepler’s third law can be derived from the equations of uniform
circular motion and Newton'’s law of universal gravitation

» use Kepler’s third law to calculate the radii and period of planets and
satellites.

MODELS OF THE UNIVERSE

From ancient times, people have always sought ways to explain their world and
their place in it. They would have looked at the sky above and decided that the
heavens were under the control of various gods and spiritual identities beyond their
comprehension. They observed that the Sun and Moon, together with many other
bodies only visible at night, moved in predictable paths from east to west across the
sky. It was this repetitive pattern which soon led to a model in which the motion of
those bodies could be understood in concrete terms.
N T The earliest model was perhaps the most obvious one. The geocentric model
;  (Figure 6.1.1) described the heavenly bodies as travelling around the Earth in
circular orbits centred on the Earth (from the Greek geos for ‘Earth’). Each body
followed its own individual path against the backdrop of all the stars, which seemed
not to move at all, but to be fixed on the celestial sphere—much like stars stuck
on a bedroom ceiling. The Sun and Moon were closest to Earth, and the other
members of the system—the wandering planets and comets—were at varying
further distances. The immovable stars were the most distant of all.

From years of observations, Ptolemy, a Greco-Roman philosopher in Alexandria
in the 2nd century, formulated a mathematical description of the geocentric system.
Ptolemy’s model could be used to accurately predict the positions of the Moon and
s planets, as well as eclipses. As such, it can be described as an ‘empirical’ model: one
FIGURE 6.1.1 Flaborate illustrations of the that fits the observations and can be used to make predictions. In order to describe

geocentric universe adorned many texts in the the retrograde motion of the planets, his model had to incorporate various
Middle Ages. complications such as ‘epicycles’. (A planet will generally seem to move in a steady

direction across the background of distant stars. However, some planets occasionally
move for a short time in the opposite, or retrograde, direction). Although all orbits
were perfect circles centred on the Earth, the planets followed their own small orbits
around centres that orbited Earth.

Ultimately, it was these complications that led to the demise of Ptolemy’s geocentric
model and the acceptance of the better, theoretical heliocentric or Sun-centred
model. The heliocentric model had been proposed by Aristarchus (c. 310-230 BCE),
but was not widely accepted because it seemed to contradict common sense.

It took some courage for Nicolaus Copernicus to publish his theory in 1543, as
it contradicted the idea that Earth occupied the prime position in the universe, as
implied by the Bible. While not abandoning circular orbits and epicycles altogether,
Copernicus centred the planetary orbits on the Sun, and the Moon’s orbit on the
Earth. He also:

e placed Mercury, Venus, Earth/Moon, Mars, Jupiter and Saturn in order from
the Sun

e described Earth’s day—night rotation, its annual solar revolution and Earth’s
tilted axis to explain the seasons

¢ showed that planetary retrograde motion was explained by the Earth’s motion
around the Sun.
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Although the Copernican model could better explain astronomical observations,
it was still rather complicated and must be regarded as a stepping stone to the fuller
theoretical model developed by Kepler and Newton.

KEPLER’S LAWS

Kepler, a German astronomer (Figure 6.1.2), published his three laws regarding

the motion of planets in 1609. This was about 80 years before Newton published

his law of universal gravitation. Kepler used extensive observations collected by

Tycho Brahe to formulate his laws, which can be regarded as empirical as they had

no immediate basis in theory. Kepler’s laws related to the motion of the planets

in orbit around the Sun, but these laws can be used for any satellite in orbit
around any central mass. Kepler’s essential contribution was the introduction of
elliptical orbits, which did away with the need for the epicycles of Ptolemy and

Copernicus.

Kepler’s laws are as follows:

1 The planets move in elliptical orbits with the Sun at one focus (Figure 6.1.3).
There is nothing at the other focus. Keep in mind that a circle is just a unique
kind of ellipse in which both foci coincide at its centre.

2 The line connecting a planet to the Sun sweeps out equal areas in equal intervals
of time (Figure 6.1.3).

3 For every planet, the ratio of the cube of the average orbital radius, r, to the
square of the period, 7, of revolution is the same for all planets: ;;2 = a constant,
k, known as Kepler’s constant.

Kepler’s first two laws proposed that planets moved in elliptical paths from
furthest point (the aphelion) to closest point (the perihelion). The closer the
planet was to the Sun, the faster it moved. It took Kepler many months of laborious
calculations to arrive at his third law. Newton used Kepler’s laws to justify the inverse
square relationship. In fact, Kepler’s third law can be deduced from Newton’s law
of universal gravitation.

HOW NEWTON DERIVED KEPLER’S THIRD LAW

Kepler made use of existing observations to derive his empirical rule relating the
periods of the planets to their orbital radii. The formulation of his third law required
many months of trial-and-error calculations.
3
However, Newton was able to derive the relationship % = constant by combining
his law of universal gravitation with the equations of circular motion.
Recall from Chapters 4 and 5 that the magnitude of the centripetal force acting

. . . . . . . 2 2
on an object in circular motion is given by the equation F, =" = 4”T " and that
r

Gm,

the law of universal gravitation is given by the equation F,=
p

"2 Newton equated

these two expressions as shown below.

We denote the larger, central body as M and the smaller body in orbit around the
larger one as m. The radius of the orbit is . The force exerted on M by m is F,, ., ar
and the force exerted on m by M is Fy; ., ,, (Figure 6.1.4).

_ am’mr
FM onm ~ 72
and F = GMm
Monm r
so 4z mr _ GMm
TZ 72
3
and so I =M _ constant
1 4r

FIGURE 6.1.2 Johannes Kepler was the first to
work out that the planets do not travel in circular
paths, but rather in elliptical paths.

_planet

perihelion M aphelion

[ », -

L

S

FIGURE 6.1.3 The planets, which are natural
satellites of the Sun, orbit in elliptical paths
with the Sun at one focus. Their speeds vary
continually, and they are fastest when closest to
the Sun. A line joining a planet to the Sun will
sweep out equal areas in equal times. So, for
example, the time it takes to move from Rto S
is equal to the time it takes to move from L to
M, and so area A is the same as area B.

monM

FIGURE 6.1.4 Diagram depicting the
gravitational attraction between two bodies M
and m, orbiting at a distance r.
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= constant

@ -
T2 4n?

0 If you are using Kepler s third
Iaw as the ratio = o without the
term then you can use any
smtable units for rand T.

If you are using Kepler’s third law

with the % term, then you must
use Sl units for r (m) and T (s).

FIGURE 6.1.5 These three satellites are at
different distances from Earth and hence,
according to Kepler's third law, will have

different orbital periods. For all three, the ratio

3
of ;—2 will equal the same constant value.
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Worked example 6.1.1
SATELLITES IN ORBIT

Determine the orbital speed of the Moon, assuming it is in a circular orbit of
radius 384000 km around Earth. Take the mass of Earth to be 5.97 x 10%*kg
and use G = 6.67 x 101! Nm?kg™.

Thinking

Working
r=384000km = 3.84 x 10®m

Ensure that the variables are in their
standard units.

Choose the appropriate relationship mv? _

between the orbital speed, v, and the r r

data that has been provided So Y= oM
Tor

The centripetal force, F, = &=~ WI||

be equal to the graV|tat|onaI force,
F = Gmymy

r2

Rearrange to make v the subject of the _ [em
equation. N

Substitute in values and solve for the

) _ [667 x1071h) x (597 x 10?*%)
orbital speed, v.

3.84 x 108

=1.02x103ms™

>» Try yourself 6.1.1
SATELLITES IN ORBIT

Determine the orbital speed of a satellite that is in a circular orbit of radius
42100km around Earth. Take the mass of Earth to be 5.97 x 10%*kg and use
G=6.67x 101 Nm?kg™2

For any central mass, M, the term fM is constant and equal to the rauo for

all its satellites (Figure 6.1.5). So, for example, if you know the orbital radlus, r, and

. 3 .
period, 7, of one of the moons of Saturn, you could calculate % and use this as a
constant value for all of Saturn’s moons. If you knew the period, 7, of a different
satellite of Saturn, you could then calculate its orbital radius, 7.

For example, Saturn’s largest moon, Titan, has a period of 15.9 days and an
orbital radius of 1.22 x 10°km. A smaller moon, Tapetus, has a period of 79 days. Its
orbital radius can be found using Kepler’s third law.

First calculate Kepler’s constant for Titan.

3
— Titan

Titan — 7 [%i[an

_(1.22 x10°)°
T 1592
=7.183 % 10!> km?3 day—2

Tapetus will have the same Kepler constant as Titan, so to find the orbital radius
of Iapetus, its period is substituted into the Kepler’s constant equation.

upens = 2 = B2 = 7183101
R = 797 X 7.183 X 1013
Haperss = 479% X 7.183x 10'5

=3.6x10°km
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Worked example 6.1.2
WORKING WITH KEPLER’S LAWS

Ganymede is the largest of Jupiter’s moons. It has a mass of 1.66 x 10°2kg, an orbital radius of 1.07 x 10°km and an

orbital period of 6.18 x 10°s (7.15 days).

a Calculate the orbital radius (in km) of Europa, another m
Kepler’s third law.

oon of Jupiter, which has an orbital period of 3.55 days. Use

Thinking Working

Note down the values for the known satellite. You can s Ganymede:

work in days agﬁ km as this question involves the ratio %2 r=1.07 x 10°km
without using " T=7.15 days

For all satellites of a central mass, ;—32 = constant. Work out
this ratio for the known satellite.

3
L = constant
;

_ (107 x10%?
7.15%

=240 x 1016

Use this constant value with the ratio for the satellite
in question. Make sure T is in days to match the ratio
calculated in the previous step.

Europa:
T=3.55days, r=7?

3
L =constant
;

r__2A40x1016

3552
Make r° the subject of the equation. rP=2.40 x 10%® x 3,552
=3.02 x 10"
Solve for r. The unit for r is km as the original ratio was _3aAs oAl
calculated using km. r=1y302x10
=6.71 x 10°km

Note: Europa has a shorter period than Ganymede so you
should expect Europa to have a smaller orbit than Ganymede.

b Calculate the mass of Jupiter using the orbital data for G

anymede.

Thinking

Working

Note down the values for the known satellite. You must
work in Sl units to find the mass value in kg.

re =1.07x10°m
T5=6.18x 10%s

m =1.66 x 10°3kg

G =6.67 x 1071 ' Nm?kg™2

M =7
Select the expressions from the equation for centripetal Use the third and fourth terms of the expression.
acceleration that best suit your data. 4n’r _ GM
Vv _ 4z _GM T2
=TT e T8 These two expressions use the given variables r and T, and the

constant G, so that a solution may be found for M.

Transpose to make M the subject.

_ 4n?r®
GT?

Substitute values and solve.

_ 47%(1.07 x 10°)3
667 x 10711 x (6.18 x 10°)?

=1.90 x 10%” kg

¢ Calculate the orbital speed of Ganymede in kms™.

Thinking Working
Note the values you will need to use in the equation r =1.07 x 10°km
v =25 T=6.18x10°%s
T v=7
Substitute values and solve. The answer will be in kms™ -
if ris expressed in km. T
_ 2 x107x10°
T 618x10°
=10.9kms™
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semi-major axis

minor axis

FIGURE 6.1.6 The semi-major axis is half the
length of the major axis of the ellipse.

>» Try yourself 6.1.2
WORKING WITH KEPLER’S LAWS

Callisto is the second largest of Jupiter’'s moons. It is about the same size as
the planet Mercury. Callisto has a mass of 1.08 x 102®kg, an orbital radius of
1.88 x 10°km and an orbital period of 1.44 x 10°s (16.7 days).

a Calculate the orbital radius (in km) of Europa, another moon of Jupiter, which
has an orbital period of 3.55 days. Use Kepler’s third law.

b Calculate the mass of Jupiter using the orbital data for Callisto.
¢ Calculate the orbital speed of Callisto in kms™.

Recall that Kepler’s first law stated that planets (and therefore satellites) travel
in elliptical orbits with the Sun (or other central body) at one focus. So far, when
looking at the third law, we have assumed that the orbits are highly circular and used
the orbital radius. When the third law is applied more generally to elliptical orbits,
the semi-major axis (Figure 6.1.6) is used instead of the radius. The semi-major
axis is half the length of the major axis, which is the longest diameter of the ellipse.

0 The major axis is the longest distance between two points on an ellipse and the
semi-major axis is half of that distance. In the case of a planet, the semi-major

axis is given by the formula a = %(daphelion + Aoerinelion)-

The modification to Kepler’s third law is minor, replacing the radius, r, with the
semi-major axis, a, so it becomes i—z = constant.

USING KEPLER’S LAWS

One interesting application of Kepler’s third law is in determining the characteristics
of exoplanets. When a planet crosses (transits) the line of sight between its star
and Earth, the observed brightness of the star may decrease slightly for the time
the planet is in front of the star. Such transits are observed from time to time in
our own solar system with Mercury and Venus. (One of the important reasons for
Captain Cook’s voyage to the South Seas was to observe the transit of Venus in 1769
from Tahiti. Accurate measurements of the transit were hoped to lead to a more
precise measurement of the scale of the solar system.)

If the star is observed for long enough, the orbital period of the planet can be
calculated from the ‘light curve’ which will show the regular dips in intensity due to
the planet’s transits. Figure 6.1.7 shows how the light from the star is reduced when
a planet moves in front of it. For stars within our neighbourhood of the galaxy, the
mass of the star can be calculated in a number of ways. If we know the star’s mass
and the planet’s period, its orbital radius can be determined from Kepler’s third law
and Newton’s law of gravity.

o = —sar

3 = GMar 772
4r?

FIGURE 6.1.7 A light curve for an exoplanet
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Note that this transit method only works if the orbit of the planet happens to be
edge-on to Earth. It doesn’t work as well for small Earth-like planets, which do not
obscure the star’s disc very much. A more generally applicable method is the ‘radial
velocity” method, also known as the ‘wobble’ method. (Refer to the Science as a

Human Endeavour ‘Hunting Exoplanets’ in Chapter 5.)

This method relies on the fact that the orbit of a planet is not really centred on the
centre of the central body, but on the centre of mass of the two bodies. This shows
up in a ‘wobble’ in the motion of the star caused by the orbiting planet—sometimes
it moves away from us and then towards us. These regular small variations in the
star’s velocity can be measured via the Doppler shift of the spectral lines in its
spectrum. The period of the wobble is then used as the period of the planet, enabling

an estimate of the orbital radius of the exoplanet.

6.1 Review

SUMMARY

» The geocentric model of the universe placed Earth at
the centre with the Sun, Moon and planets moving in
circular paths around it.

+ Ptolemy’s model was an empirical geocentric model
in which the planets travel around Earth in circular
orbits.

+ Ptolemy needed to introduce epicycles to explain the
retrograde motion of some planets.

« Copernicus described a heliocentric model with the
Sun at the centre, while planets moved in circular
orbits around it.

B KEY QUESTIONS

Retrieval

1 State Kepler's three laws.

2 Define ‘aphelion’ and ‘perihelion’.

Comprehension

3 Explain what Kepler’s second law tells us about the
speed of a comet as it approaches nearest to the Sun.

Analysis

4 Determine how Kepler’s third law can be derived from

the equations of circular motion and Newton’s law of
universal gravitation.

5 Calculate Jupiter’s period in Earth years. Jupiter orbits
the Sun at 5.20AU. (An AU is an ‘astronomical unit’
and is equal to the average distance of Earth from the
Sun or 150 million km.)

Kepler formulated his three important laws:

1 Planets travel around the sun in elliptical orbits.

2 Each planet sweeps out equal areas in equal times.
3 The ratio ;—32 is a constant for all planets.

Kepler’s third law is useful in determining the radii
and periods of planets and exoplanets.

Newton’s laws can be used to derive Kepler's laws
from theory.

Determine Neptune's distance from the Sun in AU.
It takes Neptune 165 years to orbit the Sun.

Determine the period in days of a satellite

6.90 x 10°m from Earth’s centre. The period of
the Moon is 27.3 days and its orbital radius is
3.82 x 108m.

Galileo is credited with the discovery of four of
Jupiter’'s many moons. One of the moons, Ganymede,
is 10.7 AU from Jupiter’s centre and orbits Jupiter in
7.15 Earth days. Another moon is called lo; it is 4.2 AU
from Jupiter’s centre. Calculate the period of lo in
Earth days.

Calculate the mass of Mars given that the smaller

of the two Martian moons, Deimos, has a period of
30.35hours and the radius of its orbit is 23460 km.
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>’< artificial satellite

FIGURE 6.2.1 The only force acting on these
artificial and natural satellites is the gravitational
attraction of Earth. Both orbit with a centripetal
acceleration equal to the gravitational field
strength at their locations. Note that v and
are always perpendicular.

6.2 Satellites and their orbits

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» differentiate between natural and artificial satellites.

Satellites are not propelled by rockets or engines. They orbit in freefall and the only
force acting on them is the gravitational attraction between themselves and the body
about which they orbit. This means that the satellites have centripetal acceleration
that is equal to the gravitational field strength at their location (Figure 6.2.1).

Artificial satellites are often equipped with tanks of propellant that is squirted
in the appropriate direction when the orbit of the satellite needs to be adjusted. The
amount of fuel available for such adjustments is the major factor that determines the
useful working life of the satellite.

NATURAL SATELLITES

Natural satellites have existed throughout the universe for billions of years.
The planets and asteroids of the solar system are natural satellites of the Sun
(Figure 6.2.2).

Earth has one natural satellite: the Moon. The largest planets—Jupiter and
Saturn—have more than sixty natural satellites each in orbit around them. Most
of the stars in the Milky Way galaxy have planets and more of these exoplanets are
being discovered each year.

FIGURE 6.2.2 The planets are natural satellites of the Sun. The planets closer to the Sun have a
shorter orbital period than the larger gas giants.
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SCIENCE AS A HUMAN ENDEAVOUR

Artificial satellites

In October 1957, the Soviet Union launched a satellite, Sputnik
, into an orbit that varied between 200km and 1000km
above the surface of Earth. Sputnik | lasted for three months
before it ran out of power and burnt up in the atmosphere.
This was the first time human beings had successfully
launched an object into space and have it circle Earth.

Australia became the seventh country to launch a
satellite into space when the Defence Department launched
WRESAT from the Woomera test range in northern South
Australia in 1967.

Since then, more than 6500 satellites have been
launched from all over the world from more than 40
countries. There are close to 5000 satellites currently
orbiting Earth, and about 1800 of these are operational.
Figure 6.2.3 shows what they would look like if they were
bright enough to all be seen around the Earth.

Initially, satellites were experimental and used mostly
for military purposes. Today, the technology and
miniaturisation of satellites allows them to take on a much
wider range of tasks, including:

+ communications (TV, radio, internet, telephone)

+ climate and weather observations

» astronomy (Hubble Space Telescope, X-ray and gamma
ray telescopes)

+ military (spying, reconnaissance, ‘killer’ satellites)

+ navigation (GPS, GLONASS, Galileo)

« Earth observing (remote sensing, mapping, biological
surveys)

« habitation (ISS, the former Tiangong and Mir space
stations)

Just like any object moving in a circle, a satellite will
experience a centripetal force that keeps it moving around
Earth. This force is solely due to the gravitational force it
experiences from Earth. The higher a satellite is above Earth’s
surface the weaker the gravitational force, and thus the
slower the satellite will move. The equation that relates the
speed, v, of a satellite to its height above Earth’s surface, h, is:

_ Gm,
V=R
where G is the gravitational constant 6.67 x 107! Nm?kg,
mg is the mass of the Earth, 5.97 x 10%*kg, and R is the
average radius of the Earth, 6378 km.

A satellite moving more slowly will have a greater period,
T, around Earth as the radius increases:

T =2 [Ber )’
Gmg

Satellites in low-Earth orbits, where the height above
Earth’s surface ranges from just above most of the

FIGURE 6.2.3 An artist’s impression of the thousands of satellites
currently orbiting Earth. About half of them are very close to the Earth,
only a few hundred kilometres above the ground, with the other half
spread out in a ring approximately 36 000 km above the equator.

atmosphere (160km) to 2000km, typically have periods

of between 90 minutes and 2 hours. Many spy and Earth-
observing satellites are located in this type of orbit, as are the
International Space Station and the Hubble Space Telescope.

Satellites in medium-Earth orbits, where the range of
altitude is from 2000 km to 35786 km, include many
navigation satellites such as GPS and remote-sensing
satellites. These are located here as they can cover the
surface of Earth at least twice in one day.

A special orbit of height 35786 km above the Earth’s
surface gives the satellite a period of 23 hours, 56 minutes
and 4 seconds, which is the same as the period of Earth’s
rotation, hence the name geosynchronous orbits. A
geosynchronous satellite will return to the same position in
the sky each day and are thus very useful for TV, radio and
internet communications.

Higher orbits with periods longer than one day and are
generally used by the military, for weather monitoring and
astronomical observations.

Review

1 Explain why 160km is the lowest height limit above the
Earth’s surface for low-Earth orbits.

2 Explain why geosynchronous orbits are the optimal
orbit for communications satellites.

3 The Iridium constellation is a privately owned system
of communications satellites used by subscribers to
access telephone networks anywhere on Earth. As of
2018, there are 66 individual satellites that orbit at an
average height of 776 km above Earth’s surface.

Calculate the average speed of the Iridium satellites
as they move in their orbits (in km 5‘1), and determine
how long one orbit takes to complete.

4 The Bureau of Meteorology obtains weather imagery
from the Japanese-owned Himawari-8 geostationary
satellite. A geostationary satellite is a geosynchronous
satellite that is at a point directly above the equator,
and therefore will not appear to move in the sky at all.

Calculate the average speed in kms™ of the Himawari-8
satellite as it moves in its orbit around the Earth.
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Space junk

Rockets and satellites have been sent into space since the

late 1950s. Objects with sufficient speed to attain orbit will
remain in orbit forever, or at least until some external force

is applied to them. So what has happened to all that stuff
sent into space?

Today there are about 1800 satellites that are still
in operation. There are also about 3000 satellites that
have reached the end of their operational life or have
malfunctioned but are still in orbit.

In 2007, a Chinese satellite was deliberately destroyed
by a missile, creating thousands of pieces of debiris.

In 2009, a collision between the defunct Russian
Cosmos 2251 and an operational US Iridium 33 created
even more debris. This debris and the defunct satellites
are classified as space junk (Figure 6.2.4).

The presence of this fast-moving space junk puts the
other satellites and the International Space Station (ISS)
at risk from collision. Currently about 22000 pieces of
space junk are being tracked and monitored. There have
been several occasions where satellites have been moved
to avoid collisions with space junk. On one occasion, a

piece of debris that is thought to have been a fleck of paint

cracked the window of the ISS.
Even if concerted efforts are made to limit the lifetimes
of satellites and to regulate the number of new satellites

entering low-Earth orbits, the problem may well get worse
by itself. Every time a substantial collision occurs, more
debris is created. This, in turn, has the potential to cause
further collisions, in a cascading effect.

The UN has passed a resolution to remove defunct
satellites from low-Earth orbits by placing them in much
higher orbits, or bringing them back to Earth and allowing
them to burn up in the atmosphere.

Review

1 Even though some of the debris is very small, its speed
relative to another satellite may be up to 50000kmh™".
Calculate the kinetic energy of a 0.10g fragment
travelling at such a speed.

2 Figure 6.2.4 makes it look as if there is not much room
in space. To obtain an idea of how much room on
average is taken by each piece of junk:

+ calculate the total volume above Earth’s surface from
an altitude of 100km up to an altitude of 400km

« divide it by 22000.

(Hint: Find the surface area of a sphere, using 4nr>

with the radius as rg 4, + 250km. Then multiply that

area by 300km to get the total volume.)

FIGURE 6.2.4 An artist’s impression of the location of space debris and abandoned satellites in near-Earth orbits
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6.2 Review

SUMMARY

» A satellite is an object that is in a stable orbit around
a larger central mass.

KEY QUESTIONS

Retrieval

1 Define ‘satellite’.

Comprehension

2 Describe the advantages gained by placing a TV
broadcast satellite in a geostationary orbit rather than
a low-Earth orbit.

3 Avradio signal is sent from a ground station to a

geostationary satellite 35800 m directly overhead.
Show how the minimum time for a reply is found.
Determine the effect this time would have on a
conversation between two people using this satellite.

» The only force acting on a satellite is the gravitational
attraction between it and the central body.

Analysis

4

A Navstar GPS satellite has a period of 12 hours,
compared with a geostationary satellite whose period
is 24 hours. Determine the ratio of the geostationary
orbital radius to the orbital radius of the Navstar
satellite. Calculate the orbital radius of the Navstar
satellite if the geostationary satellite has an orbital
radius of 42 164 km.
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Chapter review

KEY TERMS

satellite
semi-major axis
transit

aphelion heliocentric

artificial satellite major axis

ellipse natural satellite

focus perihelion

geocentric retrograde motion
KEY QUESTIONS

Retrieval

1 Identify the correct statement below.

A Earth is a satellite of Mars.

B The Moon is a satellite of the Sun.

C The Sun is a satellite of Earth.

D Earth is a satellite of the Sun.

Identify the largest planet in the solar system.
A Jupiter

B Venus

C Earth

D Sun

Comprehension

3
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Select which is most likely to be the speed of a
planet’'s moon when it is nearest the planet, if the
moon has an elliptical orbit and its speed is 20kms™
when it is at its average distance from the planet.

A 10kms™

B 15kms!

C 20kms™

D 25kms™

Select the option that correctly completes the
sentence. In our solar system, the value of Kepler’s
constant is the same for all the:

A planets

B planets but not Pluto

C planets and all the moons

D planets and the moons, but not Earth satellites

One of the most massive and luminous known stars is
called the Pistol Star. It has a mass of approximately
100 times that of our Sun. Determine how long it
would take a planet to orbit the Pistol Star if the planet
was orbiting the Pistol Star at the same distance that
the Earth orbits our Sun.

In August 2017, the gravitational waves produced

by a pair of colliding neutron stars were recorded

at two different Laser Interferometer Gravitational-
Wave Observatory (LIGO) installations in the United
States. The two dense stars were orbiting each other
around their common centre of mass and, as they
approached each other under the influence of gravity,
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their frequency of rotation increased. Just before they
collided and formed a black hole, the frequency of
rotation exceeded 1 kHz. Determine the reasons for the
increasing frequency, using Kepler’s third law.

Analysis
7 The dwarf planet Ceres is the largest object in the

asteroid belt.

a Calculate its period in Earth days if it orbits the Sun
in a circular orbit of radius of 2.7675AU.

b There are thousands of other objects in the asteroid
belt, revolving around the Sun at different distances.
Determine the range of the asteroid belt from
the Sun in AU, if an asteroid year ranges from
1.2 x 10° days to 2.0 x 10° days.

The table below shows the period and orbital radius of
the solar system’s planets.

Orbital radius Orbital period

(106km) (days)
Mercury 57.9 88.0
Venus 108.2 224.7
Earth 149.6 365.2
Mars 227.9 687.0
Jupiter 778.6 4331
Saturn 1433.5 10747
Uranus 28725 30589
Neptune 4495.1 59800

a Enter this data into a computer spreadsheet and
produce a plot of rvs T.

b Explain why this graph is not a straight line.

¢ lIdentify the quantities of the linear relationship
described by Kepler’s third law.

d Represent the data above to produce a straight line
graph. Plot the data on graph paper or plot it on a
computer.

e Determine the gradient of the graph in each case.

f Determine the mass of the Sun, using the gradient.



9 Atlas, one of Saturn’s moons, has an orbital radius of 11 Discuss the process of calculating the mass of a planet

1.37 x 10%km and a period of 0.60 days. The largest that has natural satellites. Assess why the masses of
of Saturn’s moons is Titan. It has an orbital radius of Venus and Mercury, which don’t have natural satellites,
1.20 x 10°km. Calculate the orbital period of Titan were more difficult to calculate.

in days.

Knowledge utilisation

10 An AU is an ‘astronomical unit’ and is equal to
the average distance of Earth from the Sun (or
150 million km). When using the units AU and year,
the value of Kepler’s constant for Earth is 1.0AU3y™.
Halley’s comet has a highly elliptical orbit with a period
of approximately 75 years. Determine the greatest
distance Halley’s comet is from the Sun if, at its closest
approach, it is 0.586 AU from the Sun.
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CHAPTER

? Electric fields

The properties of electrostatics, such as the attraction of small objects when
rubbed together, have been known since Thales of Miletus studied charged amber
in Greece in 600 BcE. For centuries, the effects of charge build-up were just an
intellectual curiosity to scientists and philosophers until the end of 17th century,
when its properties were studied and formalised.

We now know that the behaviour of charges and electricity is due to the formation
of and interaction with electric fields around charges. The study of electric fields
and their manipulation has many applications in physics, chemistry and biology,
and indeed has vastly shaped the modern world.

The work done by moving charges through electric fields is responsible for all

the electrical technology you use, and the disturbance of electric fields with your
fingers forms the basis of almost all touchscreen technology used in smartphones
and tablets today.

In this chapter you will investigate electric fields, the concepts that apply to forces,
charges and fields, and some of the interactions between these closely related
phenomena.

Syllabus subject matter
Topic 2 e Electromagnetism

B ELECTROSTATICS
define Coulomb’s Law and recognise that it describes the force exerted by
electrostatically charged objects on other electrostatically charged objects
solve problems involving Coulomb’s Law
define the terms electric fields, electric field strength and electrical potential
energy
solve problems involving electric field strength
solve problems involving the work done when an electric charge is moved in an
electric field.

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




FIGURE 7.1.1 Two similarly charged balloons
will repel each other by applying a force on
each other.

[ ]
r
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where k =8.99 x 10°Nm?C2.

» define Coulomb’s law and use it to predict the force that charged particles
exert on each other.

Electricity is the set of physical phenomena associated with the presence and motion
of electric charge. Recall from Pearson Physics 11 Queensland, Chapter 4, that a
force acts between two charged particles: two like charges will repel each other,
and two unlike charges will attract each other. Charles Coulomb first published
the quantitative details of this force in 1785. The force between any combination
of electrical charges can be understood in terms of the force between two ‘point
charges’ separated by a certain distance (Figure 7.1.1). The effect of distance on
the electric field strength from a single charge and the force created by that field
between charges is explored in this section.

THE FORCE BETWEEN CHARGED PARTICLES

Coulomb found that the force between two point charges—Q and g—separated
by a distance, r, was proportional to the product of the two charges, and inversely
proportional to the square of the distance between them.

This is another example of an inverse square law, as discussed in Chapter 5 in
relation to the gravitational force.

6 Coulomb’s law can be expressed by the following equation:

=1 Q
4ne, r?

where
F is the force on each charged object (N)
Q is the charge on one point (C)
q is the charge on the other point (C)
r is distance between the charged points (m)
& is the permittivity of free space, which is equal to 8.8542 x 10°2C2N"'m™=2

By including the sign of the charges in the calculation, a positive force value
indicates repulsion and a negative force value indicates attraction.

The permittivity of free space (g,) has a value of 8.8542 x 102C*N'!'m? in
air or a vacuum. As this value is constant for air or a vacuum, the expression at the
front of Coulomb’s law can be calculated. The result of the calculation is given the
name Coulomb’s law constant (k) and is equal to 8.9875 x 10° N'm? C™2. For ease of

calculation this is usually rounded to 8.99 x 10°Nm?C™. So, in Coulomb’s law, if:
_ 1
4re,

then the equation becomes:

where £=8.99 x 10°Nm*C™.

The forces between charges in Coulomb’s law are treated in the same way as the
forces in Newton’s laws. The forces are vectors, and the forces between different
charged particles will add as vectors. Vector addition and subtraction can be used to
deal with more complex systems of particles and the effect of the Coulomb force
between particles can be represented using vector diagrams (Figure 7.1.2).
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For collections of more than two particles, Coulomb’s law can be used to calculate
the force for each individual particle and the resulting vectors can then be added up.

Factors affecting the electric force

The force between two charged points is proportional to the product of the two
charges. Thus if the force between two charged points is 10N and the charge on
one of the points is doubled, then the force between the two points would double
to 20N. It is interesting to note that, regardless of the charge on each point, the
force on each point in a pair will be equal to the other. For example, if Q is +10uC
and ¢ is +101C, then the repulsive forces on each of these points would be equal in
magnitude. The forces would also be equal on both points if Q is +100uC and ¢ is
+1uC.

The force is also inversely proportional to the square of the distance between the
two charged points. This means that if the distance between Q and ¢ is doubled, the
force on each point charge will decrease to one quarter of the previous value.

One coulomb in perspective

Coulomb’s law can be used to calculate the force between two charges of 1 C each,

placed 1 m apart.
F =k =899 x10° X 0 =8.99 X 10°N

The force is approximately 10'°N. This is equivalent to the weight provided by
a mass of 918000 tonnes (Figure 7.1.3).

FIGURE 7.1.3 Two 1C charges 1 m apart would produce a force of 10'°N, which is almost twice the
weight of the Sydney Harbour Bridge.

This demonstrates that a 1 C charge is a huge amount of charge. In reality,
the amount of charge that can be placed on ordinary objects is a tiny fraction of
a coulomb. Even a highly charged Van de Graaff generator will have only a few
microcoulombs (1uC = 107°C) of excess charge.

Another way to get a feel for the magnitude of electrical forces is to realise that
all matter is held together by the electrical forces between atoms. For example, the
mass of Mount Everest is supported by the electrostatic repulsion between the
electrons around neighbouring atoms in the rock underneath it. The strength of
the hardest steel is due to the electrical forces of attraction between its ions and the
delocalised electrons between them. In comparison to the Earth’s gravitational force
on an atom, the electrical forces between atoms are about a billion, billion (1 x 10'®)
times stronger. In fact, only in the last stages of the gravitational collapse of a giant
star can the gravitational forces overwhelm the electrical forces between its atoms
and cause the star to collapse into a super-dense neutron star.

0 : 4

FIGURE 7.1.2 Forces acting between two point

charges
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Worked example 7.1.1

USING COULOMB’S LAW TO CALCULATE FORCE

a charge of -45.0nC.
Use g, = 8.8542 x 10712C2NTm=,

Two small spheres A and B act as point charges separated by 10.0cm in air.
Calculate the force on each point charge if A has a charge of 3.00uC and B has

Thinking

Working

Convert all values to Slunits.

0=3.00x10°C
g=-450x10°=-450x108C
r=0.100m

State Coulomb’s law. =_1 9
Arey 12
Substitute the values for Q, g, r and _ 1 300x10° x-4.50x10°®
g into the equation and calculate 4mx88542x107 0100
the answer. - _0.121N

Assign a direction based on a negative
force being attraction and a positive
force being repulsion.

F=0.121N attraction

>» Try yourself 7.1.1

USING COULOMB’S LAW TO CALCULATE FORCE

charge of 833 pC.
Use g5 = 8.8542 x 10712C2NTm=2,

Two small spheres A and B act as point charges separated by 75.0mm in air.
Calculate the force on each point charge if A has a charge of 475nC and B has a

Worked example 7.1.2

USING COULOMB’S LAW TO CALCULATE CHARGE

Two small positive point charges with equal charge are separated by 1.25cm
in air. Calculate the charge on each point charge if there is a repulsive force of

6.48 mN between them.
Use k=8.99 x 10°Nm?C=2.

Thinking

Working

Convert all values to S| units.

F=6.48x 103N
r=125x10%m

State Coulomb’s law. F=k%
r

Substitute the values for F, r and k into Qq:ﬁ

the equation and calculate the answer. k
_ 648x10%x(1.25x107%)

899x10°
=1.126 x 10716
AsQ=gq:

0?=1.126x 1071°

0=+1.126x1071°

=+1.06 x 108C
g=+1.06x 108C
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>» Try yourself 7.1.2

USING COULOMB’S LAW TO CALCULATE CHARGE

Use k=8.99 x 10°Nm?C=2.

Two small point charges are charged by transferring a number of electrons from
0 to g. The charges on the two points are equal and opposite, and the point
charges are separated by 12.7 mm in air. Calculate the charge on Q and q if
there is an attractive force of 22.5uN between them.

Worked example 7.1.3

USING COULOMB’S LAW TO CALCULATE THE FORCE BETWEEN

MULTIPLE CHARGES

442

Three point charges A, B and C are separated as shown in the diagram below.

B

Cc

T
1

scale is in mm.
Use k=8.99 x 10°Nm?C=2.

| T
2 3

Calculate the magnitude and direction of the net force acting on charge A, given
that g, = -1.6 x 107'°C, gg = +1.6 x 1079C, and q¢ = -1.6 x 107'9C. The distance

Thinking

Working

Write down the distance between A
and B in Sl units.

From the grid, AB=3mm=3x 10°m.

Write down the distance between A
and C in S| units.

Using Pythagoras:

c?=a’+b?
-\5+16
=5x10°m

Write out each of the charges in units
of Coulomb.

ga=-16x1071°C
gs=16x1071°C
gc=-1.6x1071°C

Calculate the force acting on A by B.

Fon= k%
19)2

= 899 x 109 x —(1.6x107°)"
(3.0x1073)

=-256x 103N
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Worked example 7.1.3 continued

Calculate the force acting on A by C. Fop= k%
r
= 899 x 109 x (1631079
’ (5.0x1073)?
=9.2x 107N
Draw arrows to designate the vectors A w B
of the two forces. 4
3
2+ a
1
C
| | T
1 2 3

Add the two-dimensional vectors to
give the resultant force on A.

The vector CA is at an angle of
6 =tan™ (g) =53.1° above the

horizontal, so its horizontal component is:
Fy=9.2x102%*x cos53.1°

=552 x 104N
Similarly, its vertical component is:
Fy=9.2 x 107%* x sin53.1°

=736x 10N

There is only one force in the vertical
direction, so this comprises the net
vertical force.

To get the net horizontal force, we

add the horizontal components of the

vectors:

Fii et = -5.52 x 10724 + 2.56 x 1072
=201 x 103N

So the net force acting on A is

7.36 x 107?*N in the positive vertical

direction, and 2.01 x 102N in the
positive horizontal direction.

Use Pythagoras to calculate the final
net force and its angle above the
horizontal.

F = JR?+FR?

= J(201x102%)2 + (736 x10724)?

=2.1x 102N

0 = tan1[736x10%) _ 500
201x107%

Foot=2.1 x 107N at an angle of 20°
above the positive horizontal line.
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» Try yourself 7.1.3

USING COULOMB’S LAW TO CALCULATE THE FORCE BETWEEN

MULTIPLE CHARGES

Three point charges A, B and C are separated as shown in the diagram below.

4-aA

3B

C

T
1

.
2

Calculate the magnitude and direction of the net force acting on charge A when
ga=-1.0x1078C, gg =+0.5 x 108C and gc=-2.5x% 1078C. Length units are in

mm.
Use k= 8.99 x 10°Nm?2C=2
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7.1 Review

+ Coulomb’s law describes the force exerted
by electrostatically charged objects on other
electrostatically charged objects.

+ Coulomb’s law for the force between two charges q;
and g, separated by a distance of r is:

F=L Gy

4req r?

+ The constant, &, in Coulomb’s law is the
permittivity of free space, and has a value of
8.8542 x 107*2C°Ntm=2.

KEY QUESTIONS

Retrieval
1 Define ‘Coulomb’s law’.

. Comprehension

2 a List the three quantities on which the force between
: two particles depends.

: b Describe the relationships (e.g. linear, inverse etc.)

E for the force between two particles.

3 Acharge of +q is placed a distance r from another
charge also of +q. A repulsive force of magnitude F is
found to exist between them.

Describe the changes, if any, that will occur to the force

in the following situations, by identifying the correct

options from the text in bold.

a If one of the charges is doubled to +2q, the force will
halve/double/quadruple/quarter and repel/attract.

b If both charges are doubled to +2q, the force will
halve/double/quadruple/quarter and repel/attract.

c If one of the charges is changed to —2q, the force
will halve/double/quadruple/quarter and repel/
attract.

d If the distance between the charges is halved to 0.5r,
the force will halve/double/quadruple/quarter and
repel/attract.

Analysis
4 Determine the net force acting on a positive unit

charge with one negative unit charge 1 m to its left and
one negative unit charge 1 m to its right.

For air or a vacuum, the expression % at the front
ey

of Coulomb’s law can be simplified to the value of k,
called the Coulomb’s law constant, which has a
value of approximately 8.99 x 10°Nm?C™. So:

F=k%

In more complex systems of more than two particles,

Coulomb’s law can be used to calculate the force for
each individual particle and the resulting vectors are
added up.

Assess what force you would expect to be exerted on
a single negative elementary charge (i.e. an electron’s
charge) surrounded by four equidistant positive
elementary charges.

A hydrogen atom consists of a proton and an electron
separated by a distance of 53 pm (picometres).
Calculate the magnitude and sign of the force applied
to a proton carrying a charge of +1.602 x 107*°C

by an electron carrying a charge of —=1.602 x 1071°C.

Calculate the repulsive force on each proton in a
helium nucleus separated in a vacuum by a distance
of 2.50fm.

Use k=899 x 10°Nm?C2 1fm=1x 10"°m and
gp=+1.602 x 107°C.

Two positive (red) and two negative (blue) elementary
charges are fixed on the edges of a 1.0m x 1.0m
square table as shown below.

I L
u

K J

Calculate the net force acting on charge | (with
direction in terms of horizontal and vertical
components).
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7.2 Electric fields

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» define what an electric field is

» calculate and explain how an electric field affects the behaviour of other
charged particles

» predict how a charged particle will induce an electric field of its own

» draw field lines to represent the electric fields of various systems.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

ELECTRIC FIELDS

There are four fundamental forces in nature that act at a distance; that is, they can
exert a force on an object without making any physical contact with it. These are
called non-contact forces, and include the strong nuclear force, the weak nuclear
force, the electromagnetic force and the gravitational force.

In order to understand these forces, scientists use the idea of a field. A field is
a region of space in which objects experience a force due to a physical property
related to the field. Gravity, electricity and magnetism can all be described by fields.
Chapter 5 described the direction, shape and strength of gravitational fields around
a mass. In this section the electric field will be explained.

An electric field surrounds positive and negative charges, and exerts a force on
other charges within the field.

ELECTRIC FIELD LINES

An electric field is a vector quantity—it has both direction and strength.

In order to visualise electric fields around charged objects you can use electric
field lines. Some field lines are already visible. For example, the charged plasma in
Figure 7.2.1 follows the lines of the electric field, and the girl’s hair in Figure 7.2.2 is
tracing out the path of the field lines. Diagrams of field lines can also be constructed.

Field lines are drawn with arrowheads indicating the direction of the force
that a small positive test charge would experience if it were placed in the electric
field. Therefore, field lines point away from positively charged objects and towards
negatively charged objects. Usually, only a few representative lines are drawn.

0 Remember: like charges repel and unlike (opposite) charges attract.

The density of field lines (how close they are together) is an indication of the
relative strength of the electric field. This is explained in more detail later in this section.

Rules for drawing electric field lines

When drawing electric field lines (in two dimensions) around a charged object,

there are a few rules that need to be followed.

e The space between field lines indicates the strength of the field. The closer the
lines, the stronger the field.

¢ Electric field lines go from positively charged objects to negatively charged
objects.

FIGURE 7.2.1 Charged plasma follows lines of
the electric field produced by a Van de Graaff
generator.

‘\

FIGURE 7.2.2 The girl’s hair follows the lines of
the electric field produced when she became
charged while sliding down the plastic slide.
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FIGURE 7.2.3 (a) Positive point charges
have their electric field lines pointing radially
outwards. Negative point charges have their
electric field lines pointing radially inwards.
(b) When positive and negative charges are
placed together they form an electric dipole.
Their field lines interact in a more complex
fashion than in (a).

I - |
FIGURE 7.2.4 The field between a positive and a
negative plate is entirely uniform and parallel.

l+ + + + + + +|
LF
E
&

FIGURE 7.2.5 The direction of the electric

field, E, indicates the direction in which a force
would act on a positive charge. A negative
charge would experience a force in the opposite
direction to the field.
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e Electric field lines start and end at 90° to the surface, with no gap between the
lines and the surface.

* Field lines can never cross; if they did, it would indicate that the field is in two
directions at that point, which can never happen.

* Around small charged spheres, called point charges, the field lines radiate like
the spokes on a wheel.

¢ Around point charges you should draw at least eight field lines: top, bottom, left,
right and another field line in between each of these.

* Between two point charges, the direction of the field at any point is the resultant field
vector determined by adding the field vectors due to each of the two point charges.

* Between two oppositely charged parallel plates, the field lines between the plates are
evenly spaced and are drawn straight from the positive plate to the negative plate.

* Always remember that these drawings are two-dimensional representations of a
three-dimensional field.

Figures 7.2.3 and 7.2.4 show some examples of how to draw electric field lines.
Figure 7.2.3a shows the electric fields around positive and negative point charges,
Figure 7.2.3b shows the electric field of an electric dipole and Figure 7.2.4 shows
the electric field of a parallel plate.

Strength of the electric field

The distance between adjacent field lines indicates the strength of the field. Around
a point charge, the field lines are closer together near the charge and further apart
away from the charge. You can see this in the field-line diagrams in (Figure 7.2.3).
Therefore, the electric field strength, £, decreases as the distance from a point
charge increases.

A uniform electric field is established between two parallel metal plates that are
oppositely charged. The field strength is constant at all points within a uniform
electric field, so the field lines are parallel (Figure 7.2.4).

FORCES ON FREE CHARGES IN ELECTRIC FIELDS

If a charged particle, such as an electron, is placed within an electric field, it
experiences a force. The direction of the field and the sign of the charge allow you
to determine the direction of the force.

Figure 7.2.5 shows a positive test charge (proton) and a negative test charge
(electron), within a uniform electric field. Recall that the direction of an electric
field is defined as the direction of the force that a positive charge would experience
within the electric field. So, an electron will experience a force in the opposite direction
to the electric field, while a proton will experience a force in the same direction
as the field.

The magnitude of the force experienced by a charged particle due to an electric
field can be determined using the equation F = gE.

©r=q

where
F is the force on the charged particle (N)
q is the charge of the object experiencing the force (C)
E is the strength of the electric field (N C’l).
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This equation illustrates that the force experienced by a charge is proportional
to the strength of the electric field, E, and the size of the charge, ¢. That is, the larger
the electric charge of a particle, the more it is influenced by other charged particles.
The force on the charged particle will cause the charged particle to accelerate in the
field. This means that the particle could increase its velocity, decrease its velocity, or
change its direction while in the field.

To calculate the acceleration due to the force experienced, you can use the
equation from Newton’s second law:

F=ma
where

m is the mass of the accelerating particle (kg)

a is the acceleration (m s_z).

Worked example 7.2.1
USING F = gE

Calculate the magnitude of the uniform electric field that would cause a force of
5.00 x 102! N on an electron.

(9, =-1.60 x 1071°C)

Thinking Working

Rearrange the relevant equation F=qE

to make electric field strength the E=F

subject. q

Substitute the values for F and g into _ 500x102!

the rearranged equation and calculate 1.60x10°"

the answer. (As only magnitude is =3.12x 10°2NC!
required, g can be kept positive.)

>» Try yourself 7.2.1
USING F=gE

Calculate the magnitude of the uniform electric field that creates a force of
9.00 x 10723N on a proton.

(g, =+1.60 x 107'°C)

The electric field at a distance from a charge

In the previous section, the electric field, E, is defined as being proportional to the
force exerted on a positive test charge and inversely proportional to the magnitude
of that charge. It is measured in N C™'. Defining the electric field in this way means
that it is independent of the size of the charge placed into the field (i.e. the test
charge) and is fully described by the charge crearing the field at a particular point.

0 Electric field strength can be
thought of as the force applied
per coulomb of charge, which is
expressed in the equation:

E=F
q

You will recognise this as the
previous equation, F = gE,

transposed to make E the subject.
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It is useful also to be able to determine the electric field at a distance from a

single point charge.

0 The magnitude of the electric field at a distance from a single point charge is

given by:
q

or

1 a
" Anmey 12

where

E is the strength of the electric field around a point (NC™?)
q is the charge on the point creating the field (C)

r is the distance from the charge (m)

& is the permittivity of free space (8.8542 x 1072¢2N! m‘z)

k=28.99 x 10° (Nm2C.

Note that we define an electric field at each point by how a particle would interact
with it at that position. That is, using FF = Eg and the above expression for E, we
arrive back at F'= kQ—Zq , which is just Coulomb’s law, the force that would be exerted

on our test charge bry the charge creating the field.

Worked example 7.2.2

ELECTRIC FIELD OF A SINGLE POINT CHARGE

Calculate the magnitude and direction of the electric field at a point P at a
distance of 20.0cm below a negative point charge, g, of 2.0 x 107°C.

Thinking

Working

Convert units to Sl units as required.

g=-20x10"°C
r=20.0cm=0.200m

Substitute the known values to find
the magnitude of £ using E=k 9.
r

E:kri2

=8.99x109x 20x10°
' 0.20

=45x 10°NC™!

The direction of the field is defined as
that acting on a positive test charge
(see previous section). Point P is below
the charge.

Since the charge is negative, the
direction will be towards the charge g,
or upwards.

>» Try yourself 7.2.2

ELECTRIC FIELD OF A SINGLE POINT CHARGE

Calculate the magnitude and direction of the electric field at point P at a distance
of 15cm to the right of a positive point charge, g, of 2.0 x 107°C.
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7.2 Review

SUMMARY

An electric field is a region of space around a
charged object in which another charged object will
experience a force.

Electric fields are represented using field lines.
Electric field lines point in the direction of the

force that a positive charge within the field would
experience.

A positive charge experiences a force in the
direction of the electric field and a negative charge
experiences a force in the opposite direction to

the field.

The spacing between the field lines indicates the
strength of the field. The closer together the lines
are, the stronger the field.

A stronger electric field indicates that the field will
exert a larger electrostatic force on a charged object.

KEY QUESTIONS

Retrieval

1

Recall whether the rules below for drawing electric field

lines are true or false.

a Electric field lines start and end at 90° to the surface,
with no gap between the lines and the surface.

b Field lines can cross; this indicates that the field is in
two directions at that point.

¢ Electric fields go from negatively charged objects
to positively charged objects.

d Around small charged spheres called point charges
you should draw at least eight field lines: top, bottom,
left, right and in between each of these.

e Around point charges the field lines radiate like spokes
on a wheel.

f Between two point charges the direction of the field at

any point is the field due to the closest of the two point

charges.

g Between two oppositely charged parallel plates the
field between the plates is evenly spaced and is drawn
straight from the negative plate to the positive plate.

 Electric field strength can be expressed as Ezg.

» Around point charges the electric field radiates in
all directions (three dimensionally).

+ The magnitude of the electric field at a distance
from a single point charge is given by E=kr12, or
E=_14

Ameg r?’
» Between two oppositely charged parallel plates,
the field lines are parallel and therefore the field
has a uniform strength.

+ When charges are in an electric field, they accelerate
in the direction of the force acting on them.

» The force on a charged particle can be determined
using the equation F = gE.

+ Force can be related to the acceleration of a particle
using the equation F = ma.

Comprehension

2 Describe how the strength of an electric field
changes with distance from a charge.

3 Describe the direction of the force acting on a
negative charge with respect to the direction of the
field.

4 Describe the two effects that an electric field may
have on the motion of a charged particle.

Analysis
5 Calculate the force applied to a balloon carrying

a charge of 5.00mC in a uniform electric field of
2.50NC™.

6 Calculate the charge on a plastic disc if it
experiences a force of 0.025N in a uniform electric
field of 1I8NC™.

7 Calculate the acceleration of an electron in a
uniform electric field of 3.25NC!. The mass of
an electron is 9.109 x 103! kg and its charge is
-1.60 x 1071°C.
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7.3 Electrical potential energy

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» describe the important quantities of electric potential and electrical
potential energy

» calculate the work done on or by a charged particle as it moves through an
electric field.

WORK DONE IN UNIFORM ELECTRIC FIELDS

We have discussed the force exhibited by an electric field on another charge. You
know from your studies of Newton’s laws that an unbalanced force on a charge
will induce an acceleration, giving it kinetic energy. There is therefore some work
being done by the electric field on the charge. This module studies how this energy
transfer takes place, and what the consequences are on the charge.

A ‘uniform’ electric field is one that is constant at each point. It has parallel,
equally spaced field lines.

Electric potential and electrical potential energy

In discussing work done by an electric field we introduce two related, but distinct,
quantities: electrical potential and electrical potential energy.

Electrical potential energy is a form of energy that is stored in a field. Work is
done on the field when a charged particle is forced to move in it. Conversely, work
can be done by the field on the charged particle.

0 Electric potential (V) is defined as the work required per unit charge to move
a positive point charge from infinity to a place in the electric field. It is the
difference in potential energy stored in the field between a test charge at infinity
and a test charge at a particular point.
_AU
V="

where

AU is the difference in potential energy stored in the field between a test
charge at infinity and a test charge at a particular point.

The electric potential at infinity is defined as zero. This definition leads to:

_w
V=4
Vi+ + + + + + +| W=gqV
where
E W is the work done on a positive point charge or on the field (J)

q is the charge of the point charge (C)

V=0] |3_ V is the electrical potential (J C’l) or volts (V).

Consider two parallel plates (Figure 7.3.1) in which the positive plate is at a
FIGURE 7.3.1 The potential of two plates when potential (1) and the other plate is earthed, which is defined as zero potential. The
one has a positive potential and the other is difference in potential between these two plates is called the electrical potential
earthed .
difference (1).
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Between any two points in an electric field, E, separated by a distance, d, that is v 5 7 7 7 7]
parallel to the field, the potential difference, 1/, is then defined as the change in the T
electric potential between these two points (Figure 7.3.2). d

0!
V=Ed v=0] '3_
where =

V is the difference in electric potential (V)
E is the electrical field strength of the uniform electric field (V m‘l)
d is the distance between points, parallel to the field (m).

FIGURE 7.3.2 The potential difference between
two points in a uniform electric field

Calculating work done
By combining the two equations mentioned so far, you can derive an equation for
calculating the work done on a point test charge to move it a distance across a
potential difference.
W=¢qV and V=Ed so W=gEd

where

W is the work done on the point charge or on the field (])

q is the charge of the point charge (C)

E is the electrical field strength (Vm ™ or NC™)

d is the distance between points, parallel to the field (m).

Work done by or on an electric field

When calculating work done, which changes the electrical potential energy,
remember that work can be done either:

* by the electric field on a charged object, or

* on the electric field by forcing the object to move.

You need to examine what is happening in a particular situation to know how
the work is being done.

For example, if a charged object is moving in the direction it would naturally
tend to go within an electric field, then work is done by the field. So, when a positive
point charge is moved in the direction of the electric field, the electric field has done
work on the point charge. (Refer to ¢, in Figure 7.3.3.)

Vi+ + + + +  +|

S

— P

-——0 +
Ry

@ —|d;>

V=0] l

FIGURE 7.3.3 Work is being done on the field by moving g; and work is being done by the field on
ad,. No work is done on g5 since it is moving perpendicular to the field.

@
=

When work is done by a charged object on an electric field, the object is forced to
move against the direction it would naturally go. Work has been done on the field by
forcing the object to move. For example, if a force causes a positive charge to move
towards the positive plate within a uniform electric field, work has been done on the
electric field by forcing the object to move. (See ¢, in Figure 7.3.3.)

If a charge does not move any distance parallel to the field, then no work is done
on or by the field. (See ¢; in Figure 7.3.3.)
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Worked example 7.3.1
WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD

Isabelle sets up a parallel plate arrangement so that one plate is at a potential of
12.0V and the other earthed plate is positioned 0.50 m away. Calculate the work
done to move a proton from the positive plate a distance of 10.0cm towards the
negative plate. (g, = +1.60 x 10719¢0)

Identify what does the work and what the work is done on.

Thinking Working
Identify the variables presented in the V,=12.0V
problem to calculate the electric field V, =0V
strength E. d=050m

Use the equation E =" to determine the | E="
d d

electric field strength. 120-0
050
=240Vm!
Use the equation W = gEd to determine | W = gEd
the work done. Note that d here is the =1.60 x 10712 x 24.0 x 0.100
distance that the proton moves. ~38x1019J
Determine if work is done on the charge | As the positively charged proton is
by the field or if work is done on the moving naturally towards the negative
field. plate, then work is done on the proton
by the field.

>» Try yourself 7.3.1
WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD

Jack sets up a parallel plate arrangement so that one plate is at a potential of
36.0V and the other earthed plate is positioned 2.00m away. Calculate the work
done to move an electron from the positive plate a distance of 75.0cm towards
the negative plate. (g, = -1.60 x 1071°C)

Identify what does the work and what the work is done on.

COMPARING GRAVITATIONAL AND ELECTRIC FIELDS

Gravitational force brings gas clouds together to form planets, stars and galaxies. It
causes stars to collapse to black holes, generating gravitational fields strong enough
that even light can’t escape. Yet the gravitational force of attraction between two
electrons is less than 8 x 107/ N.

The relationships developed for gravitational and electric fields over this chapter
and Chapter 5 reveal the parallels and differences between related field concepts for
gravitational masses and point charges. They are summarised in Table 7.5.1.

TABLE 7.5.1 Comparison of gravitational and electric fields

Quantity or description Gravitational fields Electrical fields

how field strength varies with g= GM2 E= kﬂz
distance, r, from a mass or charge r 4

force between masses or charges Fg= G% F= k%
potential energy changes in a Eg=mgAh W=qV
uniform field

force due to a uniform field Fg=mg F=qE
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7.3 Review

« Electric field strength can be expressed as E=—
and E:%. !

» Between two oppositely charged parallel plates, the
field lines are parallel and therefore the field has
uniform strength.

+ When charges are in an electric field, they accelerate
in the direction of the force acting on them.

» Electrical potential energy is the energy that is
stored in an electric field when a charge is placed
somewhere in that field.

» Electrical potential energy allows work to be done on
a charged particle in a field.

Retrieval
1 Define ‘electric potential’.
2 Define ‘potential energy’.

Comprehension

3 Describe a situation in which work is done by a field on a
charge, as well as one in which work is done by a charge
on a field.

Analysis

4 Determine if work was done on the field or by the field
or if no work is done, for each of the following charged
objects in a uniform electric field.

An electron moves towards a positive plate.

A positively charged point remains stationary.

A proton moves towards a positive plate.

A lithium ion (Li*) moves parallel to the plates.

An alpha particle moves away from the negative plate.

A positron moves away from the positive plate.

- 0 Q O T o

Bl KEY QUESTIONS

When a charged object is moved against the
direction it would naturally move in an electric field,
then work is done on the field.

When a charged object is moved in the direction it
would naturally tend to move in an electric field,
then the field does work on the particle.

The work done on or by an electric field can be
calculated using the equations W =gV or W = gEd.

Electrical potential is defined as the work required
per unit charge to move a positive point charge
from infinity to a place in the electric field.

An alpha particle is located in a parallel plate
arrangement that has a uniform electric field of
340Vm.

a Calculate the work done to move the alpha
particle a distance of 1.00cm from the earthed
plate to the plate with a positive potential.
(q,=+3.204x 1071°C)

b Determine whether work was done on the field
by the alpha particle, by the field on the particle
or if no work was done.

Calculate the potential difference that exists
between two points separated by 45.0cm and
parallel to the field lines in an electric field of
strength 6.7 x 10°Vm™.

Calculate the potential difference that exists
between two points separated by 30.0cm, parallel
to the field lines, in an electric field of strength
4.00 x 103vm™.
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Chapter review

KEY TERMS

Coulomb force
Coulomb’s law

electric field strength
electrical potential

electric field field lines

KEY QUESTIONS

Retrieval

1 Describe an electric field by selecting the best option

below.

A a region around an object that causes a force on
other objects within that region

B a region around a charged object that causes a
charge on other objects within that region

C a region around a charged object that causes a
force on other objects within that region

D a region around a charged object that causes a
force on other charged objects in that region

Describe the direction of an electric field by selecting

the best option below.

A towards a positively charged object

B away from a neutrally charged object

C away from a positively charged object

D away from a negatively charged object

Identify where the electrical field strength will be at

a maximum between two plates forming a uniform

electric field.

A close to the positive plate

B close to the earthed plate

C at all points between the plates

D at the mid-point between the plates

Identify the relationship between work done and

potential difference by selecting the correct bold terms

to complete the sentence.

When a positively charged particle moves across a
potential difference from a positive plate towards
an earthed plate, work is done by the field/charged
particle on the field/charged particle.

Comprehension

5

6

136

Explain the difference between electric potential and
potential difference.

A charge of +qg is placed a distance r from another

charge also of +q. A repulsive force of magnitude F is

found to exist between them.

Describe the changes, if any, which will occur to the

force in the following situations, by choosing the

correct bolded terms.

a The distance between the charges is doubled to 2r,
so the force will halve/double/quadruple/quarter
and repel/attract.
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point charge
potential difference

b The distance between the charges is halved to 0.5r,
so the force will halve/double/quadruple/quarter
and repel/attract.

¢ The distance between the charges is doubled and
one of the charges is changed to —2q, so the force will
halve/double/quadruple/quarter and repel/attract.

Analysis

7

10

11

12

13

14

A test charge is placed at a point, P, 30cm directly
above a charge, g, of +30 x 107°C. Determine the
magnitude and direction of the electric field at point P.
A 300NC! upwards

B 300NC™ downwards

C 3x 10°NC™ upwards

D 3 x 10°NC! downwards

Calculate the force applied to an oil drop carrying a
charge of 3.00mC in a uniform electric field of 7Z.50NC™..

Calculate the potential difference that exists between two
points separated by 25.0mm and parallel to the field
lines in an electric field of strength 1.00 x 103V m™.

Calculate the magnitude of the force that would
exist between two 1.00C point charges separated by
1.00km.

Use k=8.99 x 10°Nm?C™2,
Calculate the work done to move a positively charged

particle of 2.5 x 107*8C a distance of 3.0mm towards
a positive plate in a uniform electric field of 556 NC™.

A particular electron gun accelerates an electron
across a potential difference of 15kV, a distance of

12 cm between a pair of charged plates. Determine the
magnitude of the force acting on the electron.

Use g, = 1.60 x 1071°C.

A gold(lll) ion is accelerated by the electric field created
between two parallel plates separated by 0.020 m.

The ion carries a charge of +3.0e and has a mass of
3.27 x 1072%kg. A potential difference of 1.00 x 103V is
applied across the plates. The work done to move the
ion from one plate to the other results in an increase in
the kinetic energy of the gold(lll) ion. Calculate its final
velocity If the ion starts from rest.

Use g, =-1.60 x 1071°C.
Calculate the magnitude of the force that would exist

between two point charges of 5.00mC and 4.00nC
separated by 2.00 m.

Use k=8.99 x 10°Nm?C™2,



15 A point charge of 2.25mC is positioned on top of an
insulated rod on a table. Calculate the distance above
the point charge at which a sphere of mass 3.00kg
containing a charge of 3.05mC should be located so
that it is suspended in the air.

Use k =899 x 10°Nm?C™2,

16 Two point charges (30.0cm apart in air) are charged
by transferring electrons from one point to the other.
Calculate how many electrons must be transferred so
that an attractive force of 1.0N exists. Consider only
the magnitude of g, in your calculations.

Use k=8.99 x 10°Nm2C2and q, =-1.60 x 1071°C.

17 Two positive and two negative charges are fixed on the
edges of a 4.0mm x 6.0mm table as shown below:
Point | has a charge of +2.0, (elementary charges), L
has a charge of —4.0,, K has a charge of -3.0,, and J
has a charge of +5.0,.

Calculate the net force (magnitude and direction)
acting on charge .

I L
64 ]
5
44
3_

2_
1
K J
T T | T
1 2 3 4

18 A charged plastic ball of mass 5.00g is placed in a
uniform electric field pointing vertically upwards with
strength of 300.0N C™*. Calculate the magnitude and
sign of the charge required on the ball in order to
create a force upwards that exactly equals the weight
force of the ball.

19 Two metal spheres, one carrying a charge of -16.0uC
and the other a charge of +5.00uC, are attracted to
each other and touch. The charge distributes so the
charge is equal on each sphere. A force of repulsion
then exists between them and they move apart.

a Calculate the force of attraction between them when
they are 2.00mm apart before they touch.

b Determine the charge on each sphere after they touch.

¢ Calculate the force between them after they touch
and move 6.75mm apart.

A beam of electrons, initially at rest, is accelerated in

the electron gun of a linear accelerator to a velocity of

5.30x 10’ms™L.

a Calculate how much work is done on each electron
to achieve this velocity.

b Determine the voltage they are accelerated through.

20

21

Two electrons approach each other. The charge on
each the electron is —1.60 x 1071°C. Determine the
electrical force of repulsion between the two electrons
when they are 5.4 x 1072 m apart.

Use k=899 x 10°Nm?C2

Knowledge utilisation

22

23

24

25

Zhoufan and Sylvia are experimenting with an unknown
ion and wish to determine the charge that it carries.
They decide to determine the magnitude and sign

of this charge using their knowledge of Coulomb’s

law. They do not have equipment sensitive enough to
measure the absolute value of a force between two
particles, and can only determine ratios between relative
forces (e.g. force A is three times stronger than force B).

In order to determine the charge on the unknown ion,

they set up an experiment in which a maximum of two
electrons and two ions can be laid down. Zhoufan and

Sylvia are able to measure the distances between two

charges with sufficient accuracy.

Design a setup for this experiment that will allow them
to determine the charge on the ion, and explain why
such a setup is necessary.

In an electrical circuit, a wire connects a region of high
electric potential to a region of low electric potential in
the form of a battery. Discuss how these concepts might
be applied to an electric circuit, and explain how they
could be applied to the lighting of a light globe.

Consider two fixed positive charges arranged as below
6.67 x 102 m apart. Charge C has a magnitude of
-5.13 x 1071°C and charge D has a magnitude of
-2.83x107'°C.

.C D.

a Draw an arrow to indicate the direction of the
electric field created by C, and another arrow that
indicates the electric field created by D, along the
line that connects them.

b Calculate the net electric field (i.e. the sum of
the electric fields from C and D along the line
connecting them) between the two charges at a
point exactly halfway between them.

¢ Determine how far from C is the net electric field zero.

A researcher sees a negatively charged oil drop with a
mass of 1.161 x 107**kg hover stationary between two
horizontal parallel plates. Between the plates there is
an electric field of strength 3.55 x 10*NC™. The field
is pointing vertically downwards.

Determine how many extra electrons are present in
the oil drop. (g, =-1.60 x 107'°C and g= 9.8Nkg™)
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' Magnetic fields

In 1820, Hans Christian Oersted discovered that an electric current could produce
a magnetic field. His work established the initial ideas behind electromagnetism.
Since then, our understanding and application of electromagnetism has developed
to the extent that much of our modern way of living relies upon it.

In this chapter you will investigate the concept of magnetism, how materials
become magnetised, how to describe magnetic fields through the use of field
diagrams, and how to calculate magnetic fields in relation to electric current.

Syllabus subject matter
Topic 2 e Electromagnetism

B MAGNETIC FIELDS

define the term magnetic field

recall how to represent magnetic field lines, including sketching magnetic field
lines due to a moving electric charge, electric currents and magnets

recall that a moving electric charge generates a magnetic field

determine the magnitude and direction of a magnetic field around electric
current-carrying wires and inside solenoids

solve problems involving the magnitude and direction of magnetic fields
around a straight electric current-carrying wire and inside a solenoid

recall that electric current-carrying conductors and moving electric charges
experience a force when placed in a magnetic field

solve problems involving the magnetic force on an electric current-carrying wire
and moving charge in a magnetic field.

SCIENCE AS A HUMAN ENDEAVOUR

Medical imaging

MANDATORY PRACTICAL 2

Conduct an experiment to investigate the force acting on a conductor in a
magnetic field.

MANDATORY PRACTICAL 3

Conduct an experiment to investigate the strength of a magnetic field at various
distances.

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



FIGURE 8.1.1 In 1820, Hans Christian Oersted
discovered the magnetic effect created by an
electric current. Oersted is honoured by this
statue in Oersted’s Park, Copenhagen.

FIGURE 8.1.2 The bar magnet attracts drawing
pins.

8.1 Magnets

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» define ‘magnetic field’
» describe the types of objects that produce magnetic fields.

Although naturally-occurring magnets had been known for many centuries, by the
early 19th century there was still no scientifically proven way of creating an artificial
magnet. In 1820, the Danish physicist Hans Christian Oersted (whose statue is
shown in Figure 8.1.1) developed a scientific explanation for the magnetic effect
created by an electric current.

Oersted was a keen believer in the ‘unity of nature’, the concept that everything
in the universe is somehow connected. He noticed that when he switched on a
current from a voltaic pile (a simple early battery), a magnetic compass nearby
moved. Intrigued by this observation, he carried out further experiments, which
demonstrated that it was the current from the voltaic pile that was affecting the
compass movement. His experiments showed that the stronger the current, and
the closer the compass was to it, the greater the observed effect. These observations
led him to conclude that the electric current was creating a magnetic field. This
connection between electric and magnetic fields is fundamental to society today.

There are three types of magnets with which you may be familiar: permanent
magnets, temporary magnets and electromagnets. Permanent magnets are
materials that hold magnetic properties over a long period of time, or indefinitely.
The magnets you keep on your refrigerator are permanent magnets. Temporary
magnets are materials, such as soft iron, that will temporarily gain magnetic
properties when exposed to a strong enough magnetic. Electromagnets, which will
be explored in more detail in modules 8.4 and 8.5, are magnetic fields produced by
passing an electric current through a coil of wire.

MAGNETISM

Before looking further into the connection between electric current and magnetic
fields, it is necessary to review some fundamentals of magnetism. Magnetism is a
physical phenomenon caused by magnets that results in a field that attracts or repels
other magnetic materials.

The magnetic effect most people are familiar with is the attraction of iron or
other magnetic materials to a magnet (Figure 8.1.2).

But, if you experiment with a magnet, you will find that each end of a magnet
behaves differently, particularly when interacting with another magnet. One end
will be attracted while the other is repelled. Each end of a magnet is referred to as a
magnetic pole.

Like magnetic poles repel each other; unlike magnetic poles attract each other.
These effects of attraction or repulsion of magnets are referred to as the magnetic
force.

Ferromagnetic materials

Some materials experience magnetism more than other materials. For example, iron,
cobalt and nickel experience magnetism more than aluminium. These materials
are known as ferromagnetic materials. Ferromagnetic materials can easily be
magnetised to become permanent magnets.

Ferromagnetic materials are used in many common applications for which
magnetic materials are required. Common examples include the hard disk of a
computer and the magnetic stripe on a bank, credit or EFTPOS card. Ferromagnetic
materials are also used in many industrial applications, such as in motors and
generators, and for electric power transmission and distribution.
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MAGNETISATION OF MATERIALS

A piece of ferromagnetic material is divided into magnetic domains. A magnetic
domain is a region in the material where the magnetic field is aligned.

Most often, ferromagnetic materials are found in an unmagnetised state. In the
unmagnetised state, the magnetic fields in the separate magnetic domains point in
different directions (Figure 8.1.3a). As a result, their magnetic fields cancel out.

Aligning all the magnetic domains in a ferromagnetic material creates a larger
magnetic field (Figure 8.1.3b), resulting in a strongly magnetised material. By
applying an external magnetic field to the unmagnetised material, the individual
domains can be made to align with the external magnetic field. When the external
magnetic field is removed, the individual magnetic domains remain fixed in their
new orientation, and the new aligned domains produce a uniform resultant magnetic
field. The ferromagnetic material is now magnetised.

MAGNETIC FIELDS

In the previous chapter, you saw that point charges and charged objects produce an
electric field in the space that surrounds them. For this reason, charged bodies within
the field will experience a force. The direction of the electric field is determined by
the direction of that force.

Magnets also create fields. If you do a simple test such as placing a pin near a
magnet, you will observe that the pin will be pulled towards the magnet. This shows
that the space around the magnet must therefore be affected by the magnet.

If you sprinkle iron filings on a piece of clear acetate that is held over a magnet,
you will observe that the magnetic field will be clearly defined (Figure 8.1.4). The
iron filings will line up with the field, showing clear field lines running from one end
of the magnet to the other (Figure 8.1.4a).

Magnetic materials induce a magnetic field and any other magnetic materials
will interact with that field and experience a force. For example, if you were to hold
two magnets close together with the north pole of one close to the south pole of the
other, they would both induce a magnetic field and interact with each other’s fields.
The resulting force of attraction between the north and south poles is a consequence
of the interaction with these fields.

Dipole fields

Try breaking a magnet in half. What you get is two smaller magnets, each with
its own north and south poles. No matter how many times you break the magnet
and how small the pieces are, each will be a separate little magnet with two poles.
Because magnets always have two poles, they are said to be dipolar.

Magnets are dipolar and a magnetic field is said to be a dipole field (Figure 8.1.5).
This is similar to electric charges where a positive and negative charge in close proximity
to each other are said to form a dipole. A key difference is that you cannot have a single
magnetic pole (or monopole), whether it be a south pole or a north pole; however,
charges can exist on their own as either a positive or negative charge. Magnetic fields do
not have monopole sources, only dipoles. Electric fields, however, are induced by single
electric charges.

Like an electric field, a magnetic field decays the further you are away from its
source. Unlike electric fields, however, magnetic fields do not have point sources—
they must always be between a north and a south pole. As a result, the patterns of
their field lines are more complicated than simple electric fields.

FIGURE 8.1.5 Magnets are always dipolar.

FIGURE 8.1.3 (a) The magnetic fields in separate
magnetic domains point in different directions.
As a result, their magnetic fields cancel out,
resulting in an unmagnetised material. (b) The
magnetic fields in separate magnetic domains
point in the same direction (align), resulting in a
magnetised material.
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FIGURE 8.1.4 Iron fillings sprinkled around (a) a
single bar magnet, and magnets with (b) unlike
poles close together and (c) like poles close
together. The patterns in the fields show the
attraction and repulsion between poles.
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FIGURE 8.1.6 Earth acts somewhat like a huge
bar magnet. The south pole of this imaginary
magnet is near the geographic North Pole and is
the point to which the north pole of a compass
appears to point.

Earth’s magnetic field

A suspended magnet that is free to move will always orientate itself in a north—south
direction. That’s essentially what the needle of a compass is—a freely suspended,
small magnet. If allowed to swing vertically as well, then the magnet will tend to tilt
vertically. The vertical direction (upwards/downwards) and the magnitude of the
angle depend upon the direction of the magnet from either of the Earth’s poles and
the magnet’s latitude.

Earth itself can be shown to have a giant magnetic field around it (Figure 8.1.6).

Earth’s magnetic field is thought to come from electrical currents in the molten
iron in Earth’s outer core. The exact mechanism by which this field comes about is
incredibly complex; however, scientists have been able to model some of its features.
Earth’s magnetic field extends well out into space and is responsible for deflecting
much of the harmful, charged solar winds that fly towards us.

The names for the poles of a magnet derive from early observations of magnets
orientating themselves with Earth’s geographic poles. The magnets aligned
themselves with Earth’s magnetic field.

Initially, the end of the magnet pointing toward Earth’s geographic north was
denoted the north pole (short for north-seeking pole), and compasses are thus
marked with this end as north. This meant that the actual magnetic North Pole of
the Earth acted like the south pole of a simple bar magnet. It is now known that the
geographic North Pole and the magnetic North Pole are slightly apart in distance.
The same applies to the geographic South Pole and the magnetic South Pole, and
the south-seeking pole of a magnet.

Earth’s magnetic poles are not static like their geographic counterparts. For many
years, the magnetic North Pole had been measured as moving at about 9 km per year
(Figure 8.1.7). In recent years that has accelerated to an average of 52km per year.
Once every few hundred thousand years the magnetic poles flip in a phenomenon
called ‘geomagnetic reversal’, so that a compass would point south instead of north.
Earth is well overdue for the next flip, and recent measurements have shown that
Earth’s magnetic field is starting to weaken faster than in the past, so the magnetic
poles may be getting close to a flip. While past studies have suggested such a flip is
not instantaneous—it would take many hundreds if not a few thousands of years—
some more recent studies have suggested that it could happen over a significantly
shorter time period.

1900 1996
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FIGURE 8.1.7 Diagram of Earth’s interior and the movement of magnetic north from 1900 to 1996.
Earth’s outer core is believed to be the source of the geomagnetic field.
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8.1 Review

SUMMARY

» Like magnetic poles repel, and unlike magnetic poles » Earth has a dipolar magnetic field that acts like
attract. a huge bar magnet, with the south end near the
+ Magnets are dipolar, having both north and south geographic North Pole.

poles. A magnet with a single pole (monopole) is not
known to exist.

KEY QUESTIONS

Retrieval 6 The following diagram shows two bar magnets
1 List the three types of magnets and give a brief separated by a distance d. At this separation, the
description of each one. magnitude of the magnetic force between the poles is

Comprehension equal to F.

2 A magnetic material creates the magnetic field that, d
in turn, produces a magnetic force. This force is what
causes magnetic materials to stick together, such as

magnets to your refrigerator. Identify whether this
force is a contact or non-contact force.

a Describe generally what will happen to the force
between the poles if the distance, d, is increased.

b Determine what happens to the resulting
accelerating motion between the two poles if d is
increased.

3 A magnet is suspended on a thin wire at its midpoint
so that it is free to swing. Identify the approximate

direction in which the north pole of the magnet will
point, and explain your answer. ¢ Determine how acceleration and force between

the magnets change if the magnets are allowed to

Analysis
y move together.

4 Repeatedly cutting a magnet in half always produces
magnets with two opposite poles. Determine the
conclusion that can be reached in relation to the poles
of a magnet, from this information.

5 Determine how you would test if an object was a
magnet if you already had another magnet in your
possession.
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FIGURE 8.2.1 The field lines around and inside a
bar magnet. The lines show the direction of the
force on an (imaginary) single north pole.

€) The magnetic field is a vector
quantity, as it has both a
magnitude and a direction.
The strength, or vector magnitude,
of the magnetic field is in units
of tesla (T) and is denoted by the
symbol B.

FIGURE 8.2.3 The horseshoe magnet has two
unlike poles close to each other. This creates a
very strong magnetic field.

8.2 Magnetic field diagrams

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» remember how to represent magnetic field lines
» draw magnetic fields surrounding objects in different scenarios
> relate magnetic field lines to your prior knowledge of vector diagrams.

In physics it is often useful to represent abstract quantities with the aid of diagrams.
In the same way that we can draw diagrams to represent electric field strength and
direction at each point in space, we can present magnetic fields pictorially. Generally
speaking, magnetic field diagrams indicate the amount of force that a magnetic
material would experience in that region of space.

VECTOR FIELD MODEL FOR MAGNETIC FIELDS

Figure 8.2.1 shows the magnetic field associated with a simple bar magnet. The
magnetic field around the bar magnet can be defined in vector terms by specifying
both direction and magnitude.

The direction of the magnetic field at any point is the direction in which a
compass would point if placed at that point; that is, towards the magnet’s south
pole. This is also the direction of the force the magnetic field would exert on an
(imaginary) single north pole.

Denser (closer) lines indicate a relatively stronger magnetic field. As the distance
from the magnet increases, the magnetic field is spread over a greater area and its
strength at any point decreases. The strength and direction associated with the magnetic
field at any point signifies that it is a vector quantity. The strength, or vector magnitude,
of the magnetic field at a particular point is denoted by B and has units of tesla (T).

The field between two magnets is dependent on whether like or unlike poles
are close together, the distance between the poles, and the relative strength of the
magnetic field of each magnet. Iron filings or small plotting compasses can be used
to visualise the field between and around the magnets (Figure 8.2.2).

FIGURE 8.2.2 Field lines around a bar magnet can be visualised by placing small plotting compasses
around the magnet. Field lines are drawn linking the direction in which each compass points, creating
field lines that run from the north pole to the south pole of the magnet.

Because Earth has a giant magnetic field around it, you can also predict how
compasses will orientate themselves around it—they will orientate themselves along
the magnetic field lines. In Figure 8.2.2, note the direction of the magnetic field
close to either pole, where the magnetic field lines run almost vertically. Magnets
placed near Earth’s magnetic poles will behave in the same way.

Different shaped magnets produce different shaped fields. Figure 8.2.3 shows
the magnetic field plotted for a horseshoe magnet.

144 UNIT 3 | GRAVITY AND ELECTROMAGNETISM



The resultant direction of the magnetic field at a particular point will be
the vector addition of each individual magnetic field acting at that point.

When two magnets are placed close together, two situations may arise.
If the poles are unlike (Figure 8.2.4b), then attraction will occur between
them, and a magnetic field will be created that extends between the two
poles. If poles are alike (Figure 8.2.4c), repulsion will occur. In this
situation, there will be a neutral point between the two poles where there is
no magnetic field.
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neutral or
As the bar magnets in Figure 8.2.4 have a fixed strength and position, m null point n
the associated magnetlc fields will be stat.lc. Varying Ifhe magpetlc field e 7‘%‘ " f/‘\\‘
strength, by changing the magnets or varying the relative position of the 5 i 5 A\
magnets, would produce a changing magnetic field.

FIGURE 8.2.4 Magnetic field lines plotted for (a) a bar
magnet, (b) opposite poles of magnets in close proximity
and (c) like poles of magnets in close proximity.

8.2 Review

» The direction of a magnetic field at a particular point » The resultant direction of interacting magnetic fields
is the same as that of the force on an imaginary at any particular point will be the vector addition of
single north pole. each individual magnetic field acting at that point.

+ The magnetic field is a vector quantity, as it has
both magnitude and direction. The magnitude of a
magnetic field is measured in tesla (T).

KEY QUESTIONS

Retrieval Analysis
1 Describe the meaning of the direction of a magnetic The following information applies to questions 5-7.

field line at a particular point in space. Two strong bar magnets which produce magnetic fields of
2 Recall the magnetic field around a single bar magnet equal strength are arranged as shown.

the field, and the location of the north and south poles.

. A B C
Comprehension s NSy 0 o QW E

3 Explain how the strength of a magnetic field is

indicated by the way field lines are drawn. !

5 Determine the approximate direction of the resulting
aligns itself in Earth’s magnetic field. She places the magnetic field at point A, ignoring the magnetic field

bar magnet in a container of water, and the magnet of Earth.
orientates itself according to the diagram below. Draw 6 Determine the approximate direction of the resulting

4 A student performs an experiment to test the
properties of a bar magnet by observing how it

the field lines through the magnet and indicate its magnetic field at point C, ignoring the magnetic field
north and south poles. of Earth.
S N 7 Predict the magnitude of the resulting magnetic field
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