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INTRODUCTION

Physics in Focus Year 11 (2nd edition) has been written to meet the
requirements of the NESA NSW Physics Stage 6 Syllabus (2017). The
text has been written to enable students to meet the requirements
of achieving a Band 6 in the Higher School Certificate. It also
allows all students to maximise their learning and results.

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

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

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

Physics in Focus Year 11 (2nd edition) is written by academic
and classroom teaching experts. They were chosen for their
comprehensive knowledge of the physics discipline and
best teaching practice in physics education at secondary
and tertiary levels. They have written the text to make it
accessible, readable and appealing to students. They have
included numerous, current contexts to ensure students gain
a wide perspective on the breadth and depth of physics. This
mathematically rigorous and methodological approach is
designed to ensure students can reach the highest possible
standard. The intention is to ensure all students achieve
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the level of depth and interest necessary to pursue tertiary
studies in physics, engineering, technology and other STEM
related courses. Physics taken for the Higher School Certificate
provides opportunities for students to arrive at a deeper
understanding of their world whether they are intending to
pursue STEM related careers or take a different pathway.

Each chapter of the Physics in Focus text follows a consistent
pattern. Learning outcomes from the syllabus appear on
the opening page. The text is then broken into manageable
sections under headings and sub-headings. Question sets are
found at the end of each section within the chapter. Relevant
diagrams which are easy to interpret and illustrate important
concepts support the text. New terms are bolded and defined
in a glossary at the end of the book. Important concepts are
summarised to assist students to take notes.

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

There is a comprehensive set of review questions at the
end of each chapter which expand on the questions sets
for further revision and practice. Questions have been set to
accommodate the abilities of all students. Complete worked
answers appear on the teacher website.

Investigations demonstrate the high level of importance
the authors attach to understanding-by-doing physics.

These activities introduce, reinforce and enable students to
practise first hand investigation skills, especially experimental
design, data collection, analysis and conclusions. Chapter 1
explores the concepts of reliability, validity and the nature

of scientific investigation using the scientific method in

detail and provides valuable information for performing and
analysing investigations. Detailed information is provided that
is designed to enhance students'experiences and to provide
them with information that will maximise their marks in this
fundamental area which is reinforced throughout the course.

Systeme Internationale d'Unités (SI) units and conventions,
including accuracy, precision, uncertainty and error are also
introduced in the first chapter. This invaluable chapter supports
student learning through questions and investigations.

Physics in Focus Year 11 (2nd edition) provides students with a
comprehensive study of modern physics that will fully prepare
them for exams and any future studies in the area.

Robert Farr (lead author)
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USING PHYSICS IN FOCUS

Physics in Focus has been purposely crafted to enable you, the student, to achieve maximum understanding and success in

this subject. The text has been authored and reviewed by experienced Physics educators, academics and researchers to ensure

up-to-date scientific accuracy for users. Each page has been carefully considered to provide you with all the information you

need without appearing cluttered or overwhelming. You will find it easy to navigate through each chapter and see connections

between chapters through the use of margin notes. Practical investigations have been integrated within the text so you can see

the importance of the interconnectedness between the conceptual and practical aspects of Physics.

» MODULE ONE

KINEMATICS

y.13

The content is organised under four modules as set out in
the NESA Stage 6 Physics syllabus. Each module begins with a
Module opener.

Each chapter begins with a Chapter opener. This
presents the learning outcomes from the NESA Stage 6
Physics syllabus that will be covered in the chapter and also
gives you the opportunity to monitor your own progress
and learning.

To improve comprehension, a number of strategies
have been applied to the preparation of our text to improve
literacy and understanding. One of these is the use of shorter
sentences and paragraphs. This is coupled with clear and
concise explanations and real-world examples. New terms
are bolded as they are introduced and are consolidated in an
end-of-book glossary.

Throughout the text, important ideas, concepts and
theories are summarised in Concept boxes. This provides

repetition and summary for improved assimilation of new ideas.

A frame of reference is a spatial coordinate system for observing physical phenomena that
allows for an origin. It enables the measurement of quantities involved in changing position.
The centre of mass is the average (mean) position of all matter in the system, weighted by
mass.

A scalar is a number that has only magnitude (size).

Distance, d, is the actual length between two points. It has no direction and is therefore a scalar.
A vector is a number that has both magnitude and direction.

9780170409063

Motion in a straight line

Learning across the curriculum content has been
identified by NESA as important learning for all students. This
content provides you with
the opportunity to develop
general capabilities beyond

Critical and
creative thinking

the Physics course, as well as
links into areas that are important to Australia and beyond.
This content has been identified by a margin icon.
Mathematical relationships are presented in context.
Step-by-step instructions on how to perform mathematical
calculations are shown in the Worked examples. The logic
behind each step is explained and you can practice these
steps by attempting the related problems presented at the
end of the worked example.

WORKED EXAMPLE @

What was the average speed of the athlete in worked example 2.27

ANSWER Losic
Ad _s ® Use the correct formula.

ALt = The average speed is found by dividing the total distance
travelled by the total time interval taken for the entire event.
s=20 km; A= 1.25 hours

20

= =16kmh™" ® Substitute the correct values to find the correct answer and
125 i

units.

TRY THIS YOURSELF
A car trip involves travelling at 60 km h™" for 1 hour, and then at 100 km h™" for the next 30 minutes. Find the
average speed of the car for the entire trip.



Physics is a science and you need to be given the
opportunity to explore and discover the physical world
through practical investigations. Investigations introduce
and reinforce the Working scientifically skills listed in the NESA
Stage 6 Physics syllabus. In some cases, the investigations
are open-ended. These provide you with the opportunity
to design and carry out your own scientific investigation,
either individually or in a group. At times you are prompted
to consider ideas for improvement to illustrate that science
is constantly undergoing review and improvement. At other
times investigations are secondary-sourced, meaning that
you need to research the subject using data and information
gained by other people. Further information on how to
conduct a scientific investigation can be found in the
Working scientifically and depth study chapter on page 1.

The speeds of common objects

We can make objects move at different speeds. Some first-class cricketers can bow
approaching 45 m 5”1, The mechanical advantage conferred by a bat of racquet can int
ball speeds.

o measure the speeds of some human-propelled objects

MATERIALS

Various bats, racquets and balls
Optional: video camera or motion data-logger
!
RISK
ASSESSMENT
Aballhitvith a bat could hita person o break a window.  Perform the experimentin an open space, such as a school
oval,and keep bystanders well back.

What other risks are associated with your investigation, and how can you manage them?

METHOD
M

out an appropriate length

By either throwing or hitting a ball
ball sports (e.q. cricket, tennis, hocks from one fine past the

For this, use

Repeat step 3 or th
Repeat steps 3 anc

RESULTS

Record the results of your timing measurements for each sport in a table.

ANALYSIS OF RESULTS
Find the average speed of the ballfor each sport. Include an estimate of the uncertainty in each value,
Convert the results from m's™ to km h™.

DISCUSSION

Discuss the d ountered during this experiment and suggest ways in which the data collection

could be made to be more accurate.

CONCLUSION

With reference to the data obtained and its analysis, write a conclusion based on the aim of this investigation.

CHAPTER 2 » MOTION IN A STRAIGHT LINE_ 35

The Risk assessment table occurs I
within the investigations. The table highlights RISK
the risks of the investigation and provides ASSESSMENT
suggestions on how to minimise these risks —
they are not to be considered comprehensive. Teachers are
expected to amend this table in the case of substitutions or in
the case of any additional risks. This may mean obtaining and
following Safety Data Sheets (SDS) for certain chemicals. All
teachers are required to follow the safety guidelines of their
specific school and associated government legislation when
students are in their care.

X USING PHYSICS IN FOCUS

Full understanding of a concept is often constructed from
many pieces of information. Due to the sequential nature of a

book, this information

You will learn more
about fluid transport
in Chapter 6.

cannot always be

presented together

as it is best placed in

other chapters. Links between concepts that occur on other

pages and chapters are indicated using the Margin notes.
Regular opportunities to recall new terms and

review recent concepts are provided as short Check

your understanding question sets throughout each

chapter.

CHECK YOUR
UNDERSTANDING

Describe the difference between speed and velocity.

~

An aeroplane has a velocity of 500 km h™ S50°E. Calculate the velocity's components to the north, east,
west and south. A sketch may be useful

w

A passenger on the aeroplane in question 2 takes 6.0 s to run 40 m along the aisle towards the tail of the
plane. Calculate the average velocity of the passenger during their run.

4 Arider on a horse takes an hour to ride 28 km N25°E.

a Calculate their average speed.

b Write down their average velocity.

¢ Calculate the northward and eastward components of their velocity.

A child throws a ball of plasticine horizontally at a vertical wall. Initially, it is travelling at 10 m s™ at an angle
of 35° to the wall. It does not bounce very well, so when it comes off the wall it is travelling at 3.0 ms™,
again at 35° to the wall

@

a Suggest the coordinate system you might use to tackle this problem. Draw a sketch, noting labels and
quantities. Also draw a vector diagram.

b Whatis the change in velocity, AV, of the ball of plasticine?

¢ Ifthe plasticine hit the wall and stopped (i.e. stuck to it), what would AV be then?

|
The end-of-chapter review provides:
= 3 Summary of the important concepts that have been
covered in the chapter. This will be a valuable tool when
you are revising for tests and exams
» Aframe of reference is a spatial coordinate system for « The area under the curve on a speed-time graph shows
» The centre of mass
int vector from the point
with respect to the other object,
f reference.
= Displacement, 5, represents a of position with astraight line can be positive or negative,
respect to the starting point. It h magnitude (the whether the objectis speeding up or
dire n, so
can be shown as At, where At =1, 1, gradient of the line d vering the time.
becomes small enough tc
» Onaspeed-time graph, the area under the line drawn
= Average speed is the one single speed that would enable
an object to cover a specified distance in a given time
9780170409063




= Chapter review questions that review understanding The Depth study provides you with the opportunity
and provide opportunities for application and analysis of to pursue a topic of interest from within the course. It
concepts and how they interrelate. enables you to study a topic in more depth and present your

findings in a format of your choice. Advice and support to

assist you in undertaking your depth study can be found

@ CHAPTER REVIEW QUESTIONS

9 )h(wlhwuhcmusﬂ

in chapter 1, and there are suggestions for topics provided
at the end of each module review. Refer to the NESA

pesdves Stage 6 Physics syllabus for the full details on scoping and
e completion of your depth study.

DEPTH STUDY

SUGGESTIONS  ° Pesearchengine design for chemically-propelled spacecraft. When are constant-thrust engines

appropriate, and list three spacecraft that have used them. When might variable-thrust engines be
deployed?

.

The Centre for Plasmas and Fluids at the Australian National University developed the Dual-Stage
4-Grid (DS4G) thruster, What is its purpose, how is it accomplished, and what performance could it
achieve?

N

Bullets, artllery shells and cannon balls all use chemical propulsion. What are the strengths and
weaknesses of chemical propulsion in this context, and how does it compare to electrical propulsion
of ammunition?

» Drag racing uses a standard quarter-mile course. Research the final velocities of dragsters since the
1960s.

Displacement

» Research the value of the acceleration due to gravity on the Moon and the planets in the solar
hin part a,find the time when the two. system. In each case, if a projectile is fired straight upwards at 300 m s™", draw a table of the distance
cach other again. it would travel to the point where its velocity is zero.
€ Checkyou © partb using appropriate
equations of motion.

FIGURE 224

NelsonNet

e 2ok e LT 3 NelsonNet is your protected portal to the premium
digital resources for Nelson textbooks, located at www.

Fach module concludes with a Module review. This nelsonnet.com.au. Once your registration is complete
contains short-answer questions that provide you with the you will have access to a helpful suite of digital
opportunity to assimilate content from across the chapters resources for each chapter to further enhance and

that fall within that module. reinforce learning.
Each chapter will be supplemented with the

following digital resources.

Answer the following questions.

= Worksheets to review concepts and to practice
applying understanding to new examples

1 Avehicle travels west at 100 km h™ for 45 minutes. It 6 Chen has ridden his bike east for 30 km and north
for 12 km.
a Explain why it s necessary t
direction information to des
b fthe first leg of his journey took 1 hour and the
g0

— = Areview quiz containing 20 auto-correcting

multiple-choice questions to review understanding

d Whatis its averag:

= Links to websites that contain extra information. These

ge
velociy for the entire idé incuding the recion

Aspacecraft acceler 1010 1000km h™ at98m s
3 How far does the spacecraft ravel while doing this?
b Howlong doesit take?

7 Astudentis adding vectors by plotting them on graph
paper

are hotspotted within the ebook and they can also be

udent has o draw the vectors all to

At exactly 300 pm, a station: le begins 1o

accessed at http://physicsinfocus11.nelsonnet.com.au.

travelling in the same direction as the motorcycle.
a Howlong does it take for the motorcycle to pass the car?
b How farhad the motorcyce tvelled at this point?
car relative to the

ssed to add and/or
notjust two.

Please note that complimentary access to NelsonNet

An aeroplane has a velocity of 950 km h . .
e and the NelsonNetBook is only available to teachers
add in its components to the north and v
b What s the northerly component of the aeroplane’s
e westerly component?
must the plane keep flying to travel
o
long must the plane keep flying to go
km to the north-west (that is, N45°W)? (Hint —
ity of the balloon from the resolve the plane’s into components different
from those you use )

who use the accompanying student textbook as a core

N
>
El
3
=

e bottom of the cliff. The
t2ms’

educational resource in their classroom. Contact your

ity ofthe stone fiom the

sales representative for information about access codes

w far from the bo
take place?
d Atwhattim
balloon rele:

of the cliff did this encounter

and conditions.

north-east at 10m ™ It then turns and
Oms

/e to the stone’s release, was the
dog running north-east it an

50 m before turning?
b Ifthe dog ran north for 20 5, what w
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OUTCOME GRID

Working Scientifically mapping

Content statements from the NESA Stage 6 Physics syllabus are shown in full on the chapter opening pages of the chapters
where they are dealt with. A full mapping of chapters and content statements can be found on the NelsonNet Teacher website.
Below is a mapping of the outcome statements for Working scientifically across all the chapters of Physics in Focus Year 11.

I EE I I A I I R R R

3
PH11/12-1 develops gnd.evgluate§ qu‘estlons v/ v/ v/ v/ v/ v/ v/ v/ / v/
and hypotheses for scientific investigation

PH11/12-2 designs and evaluates investigations
in order to obtain primary and secondary data v v v v v v 4
and information

PH11/12-3 conducts investigations to collect
valid and reliable primary and secondary data v v v v v v v v v v v v v

and information

PH11/12-4 selects and processes appropriate
qualitative and quantitative data and information v v v v v v v v v v v v v v

using a range of appropriate media

PH11/12-5 analyses and evaluates primary and
secondary data and information v v v v v/ v o 7 o 7 7 7

PH11/12-6 solves scientific problems using
primary and secondary data, critical thinking skills v/ v v v v v v v v v v v v
and scientific processes

PH11/12-7 communicates scientific
understanding using suitable language and v v v v v v v v v v v v v

terminology for a specific audience or purpose
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Working scientifically and depth
studies

Skills
A student:

develops and evaluates questions and hypotheses for scientific investigation

OUTCOMES

designs and evaluates investigations in order to obtain primary and secondary data and information
conducts investigations to collect valid and reliable primary and secondary data and information
selects and processes appropriate qualitative and quantitative data and information using a range of
appropriate media
analyses and evaluates primary and secondary data and information
solves scientific problems using primary and secondary data, critical thinking skills and scientific processes
communicates scientific understanding using suitable language and terminology for a specific audience or
purpose

Knowledge and understanding

A student:

= describes and analyses motion in terms of scalar and vector quantities in two dimensions and makes
quantitative measurements and calculations for distance, displacement, speed velocity and acceleration

describes and explains events in terms of Newton's laws of motion, the law of conservation of momentum and
the law of conservation of energy

explains and analyses waves and the transfer of energy by sound, light and thermodynamic principles
explains and quantitatively analyses electric fields, circuitry and magnetism

Physics Stage 6 Syllabus © NSW Education Standards Authority for and on behalf of the Crown in right of the State of New South Wales, 2017
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Science is the systematic study, by
observation and experiment, of the natural
and physical world. Science is characterised
by a way of thinking and working, and,
most fundamentally, by questioning. The
knowledge and understanding that arises
from this questioning is not in itself science —

ATIONAL PHYSICAL LABORATORY
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it is the product of science, as is the
technology that arises from this knowledge
and understanding. Science is empirical -
when scientists ask questions, they seek to
answer them by using evidence, in particular

observational and experimental evidence.
FIGURE 1.1 Science is characterised by a way of thinking, .

working and questioning. Physics, the oldest and most fundamental of

the sciences, is the study of how things work.

Physics asks questions about matter and energy, and the interactions between matter and energy.

Given that everything is composed of matter and energy, physics is a very broad science!

The nature of physics

Scientific knowledge and theories are testable and falsifiable (able to be disproved). This applies to all
sciences, including physics. It means that for a theory to be considered scientific, it must be possible to
test it and, most importantly, to show that it is not true. This sets science apart from disciplines in which
there are theories that cannot be tested or disproved. Such theories are not scientific.

Theories cannot be proved, only ever disproved — no matter how much evidence you gather that agrees
with a theory, it only takes one experiment that disagrees to disprove a theory. As Einstein said, No amount
of experimentation can ever prove me right; a single experiment can prove me wrong. This is why scientists
never talk about proving a theory, but rather about providing evidence to support a theory. When a large
enough amount of evidence has been gathered that supports a theory, that theory is then accepted by the
scientific community. Conservation laws are examples of theories that have so much evidence supporting
them that they are generally accepted; for example, conservation of energy and momentum.

When a theory, model or idea has been accepted by the scientific community, it means that there is
an overwhelming amount of evidence supporting it. Nonetheless, a scientist will still not describe that
theory as proven - instead they will say it is well supported or accepted. Unfortunately, this sometimes
means that people who don't know how science works think that all theories are equally valid. This is
not the case. Scientific theories must have a great amount of evidence to support them before they are
accepted. A scientific theory is not merely someone's opinion.

Critical and creative  The scientific method is the process of systematically gathering data by observation and measurement,
thinking and using it to test and formulate hypotheses. A hypothesis is a tentative answer to a question. It is an
idea or explanation that can be tested. For example, we might hypothesise that it takes more force to
accelerate a heavy object than alighter one by some amount. We could test this hypothesis by performing
experiments where we measure the acceleration of different objects subject to the same force.

The scientific method is summarised in Figure 1.2. The basic process for the scientific method is to
start with a question or questions (sometimes called your research question). Based on these questions,

you formulate a hypothesis, which is a tentative answer to your question. Usually this involves reading the
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literature to see if anyone has already answered your question or investigated

a similar question. The hypothesis is then used to make a prediction of what Tt
will happen in particular circumstances. An experiment is designed and '
performed to test the prediction, and the results are analysed. If the results of
the experiment agree with the prediction, then the hypothesis is supported. Formulate a hypothesisinformed ¢
Note that it is not proved, only supported. There may be other explanations : Hythe exsting Incedfiae :
that would also be supported by the results. If the results do not agree with the
prediction, then the hypothesis is not supported and you need to come up with

Think of
a question

; develop predictions and design
another explanation. an experiment to test them
Reproducibility and peer review are important aspects of science. If an :
experiment cannot be repeated to give the same results, then there is a good e ——
chance that a mistake was made. Experiments are considered valid when they =~ ™ analysethedata 0

can be repeated to give the same results, and when the uncertainties in the
measurements allow the hypothesis to be clearly disproved.

Scientists communicate their work to each other to share new ideas and Communicate the results
information. If the outcomes of an experiment are not shared, then they
cannot contribute to the ongoing development of science. Scientists usually
communicate new findings to each other by writing articles for scientific Peer review
journals. When you conduct an experiment and write a report on it, the report
is very much like a scientific paper.

Before a scientific paper is published, it is reviewed by other scientists
(experts in the particular area), who evaluate it. They try to determine whether
the experiments conducted were appropriate, whether the conclusions drawn were valid, and whether

FIGURE 1.2 The scientific method

the hypothesis is clearly supported or not. If the paper is considered to make a useful contribution to
science, and the experiments and analysis are valid, then it will be published. Other scientists can then
read the scientific paper and use it to inform their own work. Scientists also communicate their work in
other ways to students and the public. Inh;ﬁ;ﬁ”tiﬁc

This description of the scientific method is somewhat idealised. Sometimes scientists only have Read this article
about the scientific

questions, and no hypothesis to answer them. Experiments are conducted or observations are made ethod and come

to try to form a hypothesis that can then be tested. Sometimes, while trying to answer one question, up ‘W‘fhtyw (;vtvhﬂ
. . . . . . . . . explanation o e
a whole new and more interesting question arises so a scientist will change their experiments to work difference between
science and

on that instead. However, even when a new and exciting discovery is made by accident, the scientific
method will still be used to formulate and test hypotheses that arise to explain it.

pseudoscience

Disciplines within science can be characterised by the sorts of questions that they ask. Physics asks
questions about how the universe works, why things happen, and why things are the way they are.
Physicists have found that these questions can generally be answered by looking at the way matter and
energy interact via forces.

The more we find out, the more questions are generated. There are many questions we haven't
answered yet. As current and future physicists answer these questions, yet more questions will arise that
no one has thought of yet. Since answering one question often leads to further questions, it is unlikely
that we will ever have a complete understanding of how the universe works. However, scientists will
continue to work towards developing a deeper understanding of how the universe works. Science is
an adventure, and will continue to be for a long time before all the possible questions about how the
universe works are answered.

Many generations of scientists have asked questions and sought answers to these questions. From their
answers, we have constructed models of how our universe works. These models are always changing as
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we get better answers to existing questions, or ask new questions. Models are representations of physical
reality — they are not the physical reality itself any more than a model aeroplane is a real aeroplane.
Models can be physical models, or mathematical models made up of equations and data, or conceptual
models consisting of principles, laws and theories. Physicists use all sorts of models, combine models,
and switch between models, as they ask and try to answer questions.

Models in physics have two important purposes - to explain how things work, and to predict what
will happen. A model that does not accurately predict the results of an experiment will generally be
revised or replaced.

The model that we choose to represent a situation depends on the situation. For example, classical
mechanics and quantum mechanics can both be used to describe and analyse the behaviour of moving
objects. Although the two models give the same results for large objects, such as cars, the quantum
mechanical model is much more complicated so we generally choose to use classical mechanics when
we analyse the behaviour of cars. When we analyse the behaviour of electrons, the two models give quite
different results — quantum mechanics gives results that match experiments involving electrons, while
classical mechanics does not. So when analysing the behaviour of electrons, we use quantum rather than
classical mechanics. This doesn't mean that either model is right or ‘true,, just that quantum mechanics
is a better model than classical mechanics in this situation.

Choosing the right model for a situation is an important skill in solving problems in physics.

As you progress through your Physics course, you will learn a lot of useful skills and practise working
scientifically by performing investigations and depth studies. You will also gain some knowledge and
develop a deeper understanding of physics.

The knowledge that has arisen from answering the questions asked by physicists can be broadly
categorised into five areas.

1 Mechanics describes the motion and interaction of objects, and uses the ideas of force and energy to
explain phenomena. We use mechanics to describe and predict the behaviour of small numbers of
macroscopic (bigger than atomic-sized) objects.

2 Waves are how we model the organised movement of energy and information when there is no overall
movement of objects. Information is transmitted via waves, including light and sound. We use the
same ideas as in mechanics, with the addition of superposition.

3 Thermodynamics is the study of how energy moves in a system, and is transformed from one form
to another. It describes the behaviour of very large numbers of microscopic particles, such as the
atoms in a material. It uses the same ideas as mechanics and applies them to find average values of
quantities, such as energy per particle, and relate them to measurable quantities, such as temperature.
Thermodynamics gave rise to most modern transport via the invention of engines.

4 Electromagnetism describes the electric and magnetic properties and interactions of matter and
energy. It is the foundation of electronics. Electromagnetism uses the same core ideas as mechanics
and waves, with the addition of the concepts of charge and electromagnetic field. Fields are a way of
describing how forces act at a distance.

5 Quantum physics describes the behaviour and interactions of waves, atoms and subatomic particles,
so it combines ideas from mechanics and waves. The idea of quantisation comes from standing
waves, such as those created on musical instruments. Quantum physics is described in Physics in
Focus Year 12.

4 CHAPTER 1 » WORKING SCIENTIFICALLY AND DEPTH STUDIES 9780170409063



9780170409063

These five areas are not separate — they overlap, and we typically need to draw on ideas from more
than one of them to understand any phenomenon. For example, light is an electromagnetic wave. To
understand how light interacts, we need to use ideas from waves and electromagnetism, and sometimes
from quantum mechanics too. To understand how a car works, we need ideas from thermodynamics
and mechanics.

There are core concepts and principles in physics that underlie all of these areas. These are energy,
forces, and conservation principles. Figure 1.3 shows a concept map for mechanics outlining just some
of the ideas you will meet in chapters 2-6, and how they are related.

Figure 1.4 shows a similar concept map for waves (chapters 7-10). Note that the same core ideas
are present in both maps, with the addition of superposition for waves. Neither of these maps show
everything that you will study in these topics, but they do show the core ideas and some of the
relationships between them.

You will only study a very small part of thermodynamics, so the concept map for thermodynamics
shown in Figure 1.5 is sparse compared with those for mechanics and waves. The concepts shown in grey
are not covered in your Physics course, but you may meet them in your other studies, such as Chemistry.

Electromagnetism is sometimes seen by students as quite a different topic, with a new set of ideas
and equations to learn. In fact, apart from the idea of charge and the electromagnetic field, we use
all the same ideas again, as shown in Figure 1.6. The idea of a field is introduced in electricity and
magnetism, but it is also used in mechanics to understand gravity, which will be described in Physics
in Focus Year 12.

One of the most powerful aspects of physics is that the same ideas apply to many different situations
and systems. A good understanding of any one part of physics will help you analyse any unfamiliar
situation. You will find that you always draw upon the core ideas of force and energy and use conservation
principles to help you frame and answer questions in physics.

Forces change the state
of motion by causing an

Motion acceleration (Newton’s Forces
Motion can be described in terms first and second laws) Forces are interactions
of the vector quantities position, < > between objects

velocity and acceleration
using kinematics

There is a type of
potential energy
associated with

Newton'’s third law
each force

Forces covert one Is a statement of
sort of energy to conservation of
another, but the momentum
total energy is

always conserved

There is kinetic
energy associated
with all motion

Energy Conservation
Energy comes in two types: < > Some things are conserved,
potential and kinetic e.g. energy and momentum

FIGURE 1.3 Concept map for mechanics (chapters 2-6)
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Motion
Wave motion is described in
terms of period, wavelength,

When at the same position, amplitude and wave velocity

waves super‘mpose,/

causing interference
Superposition

Waves superimpose

A

v

Energy
Waves carry energy

Energy is neither created or
destroyed when waves interfe

Electromagnetic waves
carry energy in
electromagnetic fields

Transverse waves apply a force
to particles perpendicular to the
wave velocity, longitudinal
waves apply a force parallel

< >

Forces
Mechanical waves travel
because of the forces
between particles

Waves reflect,
refract and diffract when they
interact with matter

Waves can apply forces
and do work to transfer energy
and momentum

Conservation

Waves move energy, but the
total energy is conserved

<

>

The inverse square law
for intensity is a result
of energy conservation

re

FIGURE 1.4 Concept map for waves (chapters 7-10)

Pressure is related to

temperature via the ide

Motion

When materials are at the
same temperature their
particles have the same
average kinetic energy
(thermal equilibrium)

The temperature

of a material depends
on the average kinetic
energy of the particles,
which depends on their
average speed

Temperature

Temperature is a
measure of internal
energy

When energy is
transferred to a system
its temperature or state
changes

Energy
Energy is stored a

All particles are in constant
motion, including translation,
vibration and rotation

al gas law

Faster moving particles
exert more force in collisions,

so give higher pressures Forces

Pressure is a measure of
force per unit area

A

Convection is energy transfer
due to the movement
of particles.

Radiation is energy

transfer by waves Conduction is energy

transfer by particles exerting
forces on each other

v

Conservation

s internal Energy is conserved

energy and transferred as heat

The first law of thermodynamics

is a statement of energy conservation.
The second says that heat can never
be completely converted to work

FIGURE 1.5 Concept map for thermodynamics (chapter 11). The concepts shown in grey are not part of this Physics course, but are important ideas

that you may meet in your Chemistry course or later studies of physics.
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Motion

is th ; fch Fields exert forces, and cause acceleration Forces
Currgnt is the motion of ¢ EAGES. < s s crosteand e
Moving charges create magnetic . Pt e el el
fields Resistance acts to decrease current
fields
(Ohms law)

Power is energy
transferred per unit
time, and depends on
current.

Fields can exert forces
because they
store energy

Kirchhoff's current law
for circuits is a statement of
conservation of charge

Circuit elements convert
energy to different forms,
but total energy is conserved

Ener )
Potential gyl tored < > Conservation
otential energy is store
i ‘ i Energy and charge are
" electrlcﬁar;éj magnetic Kirchhoff's voltage law for circuits is a conserved
elds

statement of energy conservation

FIGURE 1.6 Concept map for electricity and magnetism (chapters 12-14)

As you learn more of the content knowledge of physics, you need to create your own mental models to
help you understand it. Concept maps are a useful way of representing your mental models. They help to
remind you that physics is not simply a collection of facts and formulae. Every idea in physics is connected
to other ideas, and always to one of the fundamental ideas of force, energy and conservation. All of the
theories, laws and equations of physics are fundamentally interconnected; none of them stands alone.

These concept maps (Figures 1.3-1.6) summarise just some of our knowledge and understanding
of physics. This knowledge and understanding was arrived at by physicists who asked questions and
then tried to answer those questions by working scientifically (Figure 1.2). Working scientifically is more
characteristic of, and more important to, the study of physics than any particular collection of content
knowledge. You will practise working scientifically (working like a physicist) when you undertake
investigations and depth studies.

Scientific theories are falsifiable — they can be disproved, but they cannot be proved. For a
theory to be accepted, it must be supported by a great amount of evidence.

The scientific method consists of questioning, formulating hypotheses, making measurements
to test the hypotheses, analysing the results, and communicating them for peer review. It is the
process by which science proceeds.

KEY CONCEPTS

Physics uses models (physical, mathematical, conceptual, etc.) to describe the world and to
make predictions. Models are constantly being refined as we learn more.

Physics is not a collection of facts and formulae. All of the theories, laws and equations of
physics are fundamentally interconnected. Force, energy and conservation are the central ideas
in physics that we use to understand the interactions of matter and energy. All the knowledge
that you learn in physics will be related to one or more of these ideas.
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Solving scientific problems:
depth studies

Depth studies are your opportunity to work scientifically and solve scientific problems. When performing
a depth study, you will pose questions, develop hypotheses to answer your questions, and then seek
evidence to support or disprove your hypotheses. The evidence may come from the existing scientific
literature, or from your own experiments. You will need to analyse data to determine whether your
hypotheses are supported. Analysing data usually requires you to represent it in some way, often
mathematically or graphically. Finally, as scientists do, you need to communicate your findings to others.
There are many ways that you can do this, and you need to choose the communication method most
appropriate for your audience.
Depth studies provide you with an opportunity to:

»  use the research methods that scientists use

» analyse works for scientific relevance and validity

» broaden your range of reading in a field of interest

» extend your depth of thinking and understanding

» ask questions and investigate areas that do not have definite answers

» investigate contentious issues and use critical thinking skills to consider the validity of views
expressed in a variety of sources

»  use inquiry-based learning to develop your creative thinking.

Depth studies can take different forms, and over the year you may undertake several different types
of depth studies.

There are two broad types of depth studies. In first-hand practical investigations, you design and perform
experiments or make observations to gather primary data. Investigations based on secondary sources
require you to research and review information and data collected by other people.

First-hand investigations may be work undertaken in a laboratory, field work at home, school or
elsewhere, or the creation and testing of a model or device.

Secondary-sourced depth studies may include undertaking a literature review, investigating emerging
technologies, analysing a science-fiction movie or novel, or developing an evidence-based argument.

Depth studies may be presented in different forms, some of which include:

»  written texts (reports, summaries, essays)

»  visual presentations (diagrams, flow charts, posters, portfolios)
» multimedia presentations

»  physical models

» ablend of the above.

All depth studies will involve the analysis of data, either from primary data that you collect or from
analysing other peoples research. Looking for patterns and trends in data will involve analysing and
constructing graphs, tables, flow charts and diagrams.
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The summary below outlines four main stages of conducting a depth study, as well as the Working
Scientifically skills that you will need to develop and apply at each stage.
Questioning and predicting
A student develops and evaluates questions and hypotheses for scientific investigation (PH11-1)
Planning investigations
A student designs and evaluates investigations in order to obtain primary and secondary data and
information (PH11-2)
Conducting investigations
A student conducts investigations to collect valid and reliable primary and secondary data and
information (PH11-3)
Processing data and information
A student selects and processes appropriate qualitative and quantitative data and information using a
range of appropriate media (PH11-4)
Analysing data and information
A student analyses and evaluates primary and secondary data and information (PH11-5)
Problem solving
A student solves scientific problems using primary and secondary data, critical thinking skills and
scientific processes (PH11-6)
Communicating
A student communicates scientific understanding using suitable language and terminology for a specific
audience or purpose (PH11-7)

Physics Stage 6 Syllabus © NSW Education Standards Authority for and on behalf of the Crown in right of the State of New South Wales, 2017

Developing and evaluating questions and hypotheses

The first step to beginning any investigation or depth study is deciding on a
question.
Obviously, itis a good idea to investigate something that you find interesting,
Ifyou are working in a group, try to find something that is interesting to everyone.
A good way to start is by ‘brainstorming’ for ideas. This works whether you
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are working on your own or in a group. Write down as many ideas as you can
think of. Don't be critical at this stage. Get everyone in the group to contribute

and write every idea down. ) o ) o ) ) FIGURE 1.7 Brainstorm as many ideas as you can
After you have run out of ideas, it is time to start being critical. Decide which in your group.

questions or ideas are the most interesting. Think about which ones are actually
possible to investigate given the time and resources available. Make a shortlist of questions, but keep the
long list too for the moment. Once you have your shortlist, it is time to start refining your ideas.

Refining your question

Your depth study will be based on one of the areas described in Figures 1.3—1.6, which are described in the

Lit
remaining chapters. However, the purpose of a depth study is to extend your knowledge while at the same e

time building your skills at working scientifically, so you will need to go beyond the basic syllabus content. formation and

The next step is therefore to find out what is already known about the ideas on your list. You will need o mu‘ﬂltahOﬂ "
to conduct a literature review. If your depth study is a secondary-sourced investigation, then the literature sty

review may be the investigation itself. A formal written literature review includes the information you Critical and creative
have found, and complete references to the sources of information. It also includes interpretation and thinking

critique of what you have read. This is particularly important for a secondary investigation.

9780170409063 CHAPTER 1 » WORKING SCIENTIFICALLY AND DEPTH STUDIES 9



Literature reviews are important to increase your breadth of knowledge, to learn from others and
to stimulate new ideas. They are necessary to identify gaps in current knowledge that you may wish
to research and to identify methods that you could use. You may also find there are a variety of views
(sometimes opposing views) in an area of research.

Literature review

Literacy A literature review is a search and evaluation of available literature in a particular subject area. It has a
particular focus, which is defined by your research question or hypothesis.

The process of conducting a literature review involves researching, analysing and evaluating the
literature. It is not merely a descriptive list of the information gathered on a topic, or a summary of one
piece of literature after another. It outlines any opposing points of view in the research, and also expresses
your perspective of the strengths and weaknesses of the research being reviewed. A literature review
brings together results of different studies, pointing out areas where researchers or studies agree, where
they disagree, and where major questions remain. By identifying gaps in research, literature reviews often
indicate directions for future research.

Your literature review will give you an idea of past findings, and procedures, techniques and research
designs that have already been used. This will help you to decide which methods are worth following,
which need modifying, and which to avoid (those that have been inconclusive or invalid). You may plan
your investigation to target a gap in research or try to replicate an investigation to test or validate it.

The length of your literature review will depend on its purpose. If the literature review is a depth study
in itself, it will need to be more detailed and draw conclusions about the research. If the literature review
is used as an introduction to inform your own research, it will be shorter and more focused.

To write a literature review, you first need to define the topic. It may help to formulate a literature
review question, and then write a list of key words that will help you search for information.

To find articles, you can use library catalogues, databases and the internet. Refine your search
technique by using specific words that narrow your search. Record search words that are successful and,
if necessary, modify your search strategy.

When you write your literature review for your report, it should have an introduction that defines the
topic and gives your specific focus. It may also explain the structure of the review for a lengthy, secondary-
sourced depth study.

The main body of the review will then group the literature according to common themes and provide
an explanation of the relationship between the research question and the literature reviewed. It should

Literature reviews proceed from the general, wider view of the research to the specific area you are targeting. Include

More information information about the usefulness, currency and major authors or sources of the literature.
about literature . . . . . . . .
ceviews and how to The literature review concludes by summarising the major contributions of the literature, and
complete them explaining the link between your investigation and the literature reviewed. It may also point out major

flaws or gaps in research if appropriate.

Evaluating sources

Always be critical of what you read. Be wary of pseudoscience, and any material that has not been peer-

The CRAAP test reviewed. Apply the CRAAP (currency, relevance, authority, accuracy, purpose) test to websites that you
ng‘nyytvhveegéﬁhti“ find. The most reliable sites are from educational institutions (particularly universities), government and
you find scientific organisations such as the CSIRO and NASA, and professional organisations such the Australian

Institute of Physics and international equivalents. You can narrow your search to particular types of sites
by including in your search terms ‘site:edu’ or ‘site:gov’ so that you only find sites from educational or
government sources.

Make sure you keep a record of the information you find as well as the sources, so you can correctly
reference them later. It is a good idea to start a loghook at this stage. You can write in references, or attach
printouts to your logbook. This can save you a lot of time later on. Your logbook may be hardcopy or
electronic.
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Finally, talk to your teacher about your ideas. They may be able to suggest
sources of information. They will also be able to tell you whether your ideas are
likely to be possible given the equipment available. They may have had students
with similar ideas in the past and will make helpful suggestions.

After you have researched your questions and ideas, you will hopefully be
able to narrow the shortlist down to the one question you want to tackle. If none
of the questions or ideas look possible (or still interesting), then you need to go

back to the long list.
Proposing a research question or hypothesis FIGURE 1.8 Start researching your topic,
L. . . and make sure you keep a record of all your
A research question is one that can be answered by performing experiments or  references. Good record-keeping is important in
making observations. A hypothesis is a prediction of the results of an experiment, ~  scientific research, and it begins at this stage of

. . . . . the investigation.
which can be tested by performing experiments or making observations.

You need to frame a research question carefully. A good research question
should define the investigation, set boundaries and provide some direction
to the investigation. It needs to be specific enough that it guides the design of
the investigation. A specific question rather than a vague one will make the
design of your investigation much easier. Asking “‘What volume of water gives
the maximum height for a water rocket? tells you what you will be varying and
what you will be measuring. It also gives a criterion for judging whether you

)

have answered the question.

Alamy Stock Photo/Marmaduke St John

Asking How can we make a water rocket fly the best? is not a good

W
»
T

question. This question does not say what will be varied, nor does it tell you
when you have answered the question. Best is a vague term. What you mean
by ‘best” may not be what someone else means.

A hypothesis is a tentative explanation or prediction, such as The height
attained by a water rocket will increase with the amount of water contained in
the rocket’. Your hypothesis should give a prediction that you can test, ideally
quantitatively.

A hypothesis is usually based on some existing model or theory. It is a
prediction of what will happen in a specific situation based on that model. For
example, kinematics describes the trajectory of projectiles. A hypothesis based
on the kinematics model predicts the range of a specific projectile launched at a
given angle and speed.

) o . . . FIGURE 1.9 You need to frame your research
A good research question or hypothesis identifies the variables that will be question carefully. These students are

investigated. Usually you will have one dependent variable and one independent ~ investigating the launch angle at which their

. . . water rocket will achieve maximum range.
variable. For a depth study, you may have two or more independent variables

that you control.

If your experiments agree with predictions based on your hypothesis, then you can claim that they
support your hypothesis. This increases your confidence in your model, but it does not prove that it is true.
Hence, an aim for an experiment should never start “To prove ..., as it is not possible to actually prove a
hypothesis - only to disprove it.

If your experimental results disagree with your hypothesis, then you may have disproved it. This is
not a bad thing! Often the most interesting discoveries in science start when a hypothesis based on an
existing model is disproved, because this raises more questions.

Even if your question or hypothesis meets these criteria, do not be surprised if you change or modify
it during the course of your investigation or depth study. In scientific research, the question you set out
to answer is often only a starting point for more questions.
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e Investigations begin with a question, which is used to formulate a hypothesis. A good
research question is specific, and can be answered by performing experiments and making
measurements. A good hypothesis is a statement that predicts the results of an experiment and
can be tested using measurements.

KEY CONCEPTS

e A literature review helps you refine your question or hypothesis. It helps you to know what
knowledge and ideas have been established on a topic, and the areas of strength and weakness
in the research.

Planning your depth study

There are many things to consider when planning an investigation. You need to think about how much
time you will have, what space and equipment you will need, and where you will go if you want to
make measurements or observations outside. If you are conducting a secondary-sourced investigation
or some other type of depth study (such as a creative work), you still need to plan ahead to make sure you
have the resources you need.

You may be working in a group or on your own. Most scientists work in groups. If you can choose who
you work with, think about it carefully. It is not always best to work with friends. Think about working
with people who have skills that are different from your own.

Having a plan allows you to ensure you collect the data (whether primary- or secondary-sourced)
that you need to test your hypothesis. The longer the investigation, the more important it is that you
have a clear plan. There are several factors to consider, as shown in Table 1.1.

Critical and TABLE 1.1 Factors to consider when planning your depth study
creative thinking
PRIMARY-SOURCED INVESTIGATION SECONDARY-SOURCED INVESTIGATION
What data will you need to collect? What information will you need to gather?
What materials and equipment will you need? What sources will you use?
When and where will you collect the data? When and where will you gather the information?
If you are working in a group, what tasks are assigned If you are working in a group, what tasks are assigned
to which people? to which people?
Who will collect the data? Who will collect what information?
Who will be responsible for record-keeping? How will record-keeping be done to avoid plagiarism?
How will the data be analysed? How will the information be analysed?
How will sources be referenced? How will sources be referenced?

The most common problem that students have is time management. It is important to plan to have
enough time to perform the experiments (including repeat measurements), and also to analyse the
experiments and to report on them.

A good plan will help you keep on track. Your teacher may ask you to submit a plan for your depth
study before you begin the implementation stage. Table 1.2 gives an idea of the areas you should
consider.
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TABLE 1.2 Depth study plan

1 INTRODUCTION

Title Choose a title for your depth study.

What?

Rationale Explain why you have chosen this area of research.

Why? Describe what you are hoping to achieve through this
investigation. Include any applications.

Type of depth study State the type of depth study you intend conducting

Which? (e.g. literature review, practical investigation etc.).

2 TIMELINE

Action and time frame — when?

Where applicable, describe any theoretical models
(e.g. kinematics) that you will use.

Working Scientifically skills — how?

Initiating and planning
When? (e.g. week 1 and 2)

Questioning and predicting: formulate questions
and/or a hypothesis.

Planning: wide reading to research background
information, assess risks and ethical issues, plan
methods, and design experiments.

Implementation and recording

Conducting investigations: safely carry out
experiments, make observations and/or
measurements, use appropriate technology, and use
measuring instruments.

Process and record data and information: collect,

organise, record, and process information and/or
data as you go.

Analysing and interpreting

Analyse data and information: begin looking for
trends, patterns or mathematical relationships.

Problem-solve: evaluate the adequacy of data
(relevance, accuracy, validity and reliability) from
primary and/or secondary sources, answer your
research question, and draw and justify conclusions.

Communicating

Present your depth study: Write the report or
other presentation using appropriate language,
visualisations and technologies.

Final presentation

Due date: allow time for proofreading and editing.

3 DATA COLLECTION

Variables

What will you measure and what will you hold
constant?

Identify dependent and independent variables.

Measurements and uncertainties
How will you make measurements?
What equipment will you need?

How will you minimise uncertainties?

4 DATA ANALYSIS AND PROBLEM SOLVING

Data analysis
What method(s) will you use to analyse the data and
how will you represent the trends and patterns?

Conclusions
How will you judge whether the experiment was valid?

How will your data allow you to test your hypothesis or
answer your question?

Keep a record of your planning. This should go in your logbook. Recording what you plan to do, and
why, will help you stay focused. This is particularly important for a depth study. If you are working in a
group, keep a record of what each person agrees to do. But remember, the plan may need to be adjusted

as you go.
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Designing your depth study

When designing your depth study or investigation, you should be aiming for reliable and valid
measurements with good accuracy and precision. For a secondary-sourced investigation, you should be
trying to find resources that have these characteristics.

Some good questions to ask to assess the reliability, validity, accuracy and precision of your design are
outlined in Table 1.3.

TABLE 1.3 Assessing reliability, accuracy and validity in investigations

PRIMARY INFORMATION AND DATA SECONDARY INFORMATION AND DATA

Reliability « Have | tested with repetition? »  How consistent is the information with
other reputable sources?
-+ Is the data presented based on repeatable
processes?
Accuracy « Have | designed my experiments to « Is this information similar to information
and minimise uncertainties? presented in peer-reviewed scientific
precision « Have | used repeat measurements to journals?
estimate random errors? - Is the data given with uncertainties, and are
» Have | used the best measuring equipment these uncertainties small compared with
available, and used it correctly? the measured values?
Validity - Does my experiment actually test the - Do the findings relate to the hypothesis or
hypothesis that | want it to? problem?
-« Have all variables (apart from those being -+ Are the findings accurate and the sources
tested) been kept constant? reliable?

Selecting equipment

A well-framed question or hypothesis will help you choose the equipment that you need. For example,
Minimising if your hypothesis predicts a temperature change of 0.5°C, then you will need a thermometer that can
uncertainty

Find out how Foucault measure to at least this precision. You also need to know how to use the equipment correctly. Always ask

measured the speed

if you are unsure. The user manual will usually specify the precision of the device, and let you know of
of light so precisely.

any potential safety risks.

You need to think about how you can minimise uncertainties. Minimising uncertainty is not just
about using the most precise equipment you can find - it is also about clever experimental technique.
Very precise measurements are possible using simple equipment. For example, in 1862, Léon Foucault
measured the speed of light with an uncertainty of 0.2%, without a computer, data logger or even a digital
stopwatch. Remember that it is a poor worker who blames their tools!

- Working safely: risk assessment
ical

understanding
You may be required to complete a risk assessment before you begin your depth study. You need to think

personal and social  about three factors:

bilit
e 1 What are the possible risks to you, to other people, to the environment or property?

2 How likelyis it that there will be an injury or damage?

Work and enterprise
3 How serious are the consequences likely to be if there is an injury or damage to property or

environment?

A Tisk matrix’, such as Table 1.4, can be used to assess the severity of a risk associated with an
investigation. The consequences are listed across the top from negligible to catastrophic. ‘Negligible' may
be getting clothes dirty. Marginal’ might be a bruise from falling off a bike, or a broken branch in a tree.
‘Severe’ could be a more substantial injury or a broken window. ‘Catastrophic would be a death or the
release of a toxin into the environment. You need to ensure that your investigation is low risk.
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TABLE 1.4 Risk matrix for assessing for severity of risk

CONSEQUENCES — Negligible Marginal Severe Catastrophic
LIKELIHOOD |,
Low risk Low risk Moderate risk High risk
Unlikely Low risk Low risk High risk Extreme risk
Possible Low risk Moderate risk Extreme risk Extreme risk
Moderate risk High risk Extreme risk Extreme risk
Certain Moderate risk High risk Extreme risk Extreme risk

9780170409063

Once you have considered what the possible risks are, you need to think about what you will do
about them. What will you do to minimise the possible risks, and what will you do to deal with the
consequences if something does happen? You can use a risk assessment table such as the one shown in
Table 1.5.

TABLE 1.5 Sample risk assessment table

WHAT ARE THE RISKS IN DOING THIS EXPERIMENT? HOW CAN YOU MANAGE THESE RISKS TO STAY SAFE?

Water from the rocket may be spilled and someone Clean up all spills immediately.
might slip.

Consider where you will perform your experiments or observations. Will you need to consider the
convenience or safety of others? Talk to your teacher about what space is available.

In a secondary-sourced investigation, take precautions with cyber safety and remember to keep your
personal information private.

e In primary-sourced investigations you collect and analyse your own data. In secondary-sourced
investigations you analyse someone else’s data.

KEY

CONCEPTS

e Investigations need to be carefully planned so that they answer your research question. You
also need to consider safety and possible environmental impacts of your investigation.

Conducting your investigation

Scientists keep alogbook for each project they work on. The logbook is the primary source of information
when a scientist writes up their work for publication.

A logbook is a legal document for a working scientist. If the work is called into question, then the
logbook acts as important evidence. Logbooks are sometimes provided as evidence in court cases; for
example, in patent disputes. Every entry in a scientist’s logbook is dated, records are kept in indelible
form (i.e. in pen, not pencil), and entries may even be signed. Logbooks include details of experiments,
ideas and analysis. They frequently include printouts of data, photocopies of relevant information,
photos, and other items.

N

RISK

ASSESSMENT

Stay safe
online!

Read the material
on this site, and
think about what
you could do to
keep yourself safe
online.
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It is a good idea to start keeping a logbook as soon as
you begin planning your depth study. Your logbook
may be paper or electronic. Either way, your logbook
is a detailed record of what you did and what you found
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out during your investigation. Make an entry in the

Literacy
logbook every time you work on your depth study. At
the start of each session, record the date and the names
FIGURE 1.10 Make sure you keep an accurate of all the people you are working with at the time. A
recordjofiwhatyolldojasyou'dolitikeepingja logbook is particularly vital for primary-sourced
logbook is important. . . . .
investigations, but is also important for secondary-
sourced investigations.

Always write down what you do as you do it. It is easy to forget what you did if you do not write it down
immediately.

Record the results of all measurements immediately and directly into your logbook, in pen if using
hardcopy. Never record data onto bits of scrap paper instead of your logbook. Results must be recorded
in indelible form. Never write your results in pencil or use white-out. If you want to cross something out,
just put aline through it and make a note explaining why it was crossed out. If you are using an electronic
logbook, do not delete data or any working — instead, label it appropriately and keep it.

A good logbook contains:

» notes taken during the planning of your investigation
» arecord of when, where and how you carried out each experiment
»  diagrams showing the experimental set-ups, circuit diagrams, etc.
»  all your raw results
»  all your derived results, analysis and graphs
»  all the ideas you had while planning, carrying out experiments and analysing data
» printouts, file names and locations of any data not recorded directly in the logbook.
It is not a neat record, but it is a complete record.
Literacy

If you are conducting a secondary-sourced investigation, your literature review will be the basis of your

Numeracy investigation and your data will come from the existing literature. Remember that a literature review is
not simply a summary of what you have read - you need to add meaning. This may come from comparing
and contrasting competing models and constructing an argument, or by analysing and presenting
secondary-sourced data. When using secondary sources, remember to make comparisons between data
and claims in a number of reputable sources, including science texts, scientific journals and reputable
internet sites, and to reference these appropriately.

If you are conducting a primary-sourced investigation, then you will be performing measurements
to gather data yourself. You can collect data by performing experiments or making observations in the
field. You will gain practice at making measurements if you do some of the investigations in the following
chapters. These investigations can form a basis for a depth study.

Data collection for primary-sourced investigations

When conducting an experiment, you need to decide which variables you will measure and which
variables you will control. In an experiment, typically we have an independent variable, which we control
and vary, and a dependent variable, which is what we measure. We assume that the dependent variable
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is in some way dependent on the independent variable. There may also be controlled variables, which are
kept constant so that they do not interfere with the results.

Whenever possible you should make repeat measurements. This allows you to check that your
measurements are reliable. Your results are reliable if repeat measurements give the same results
within experimental uncertainty. If a result is not reproducible, it is not a reliable result. If a result is not
reproducible, then it may be that a variable other than the one you are controlling is affecting its value. If
this is the case, you need to determine what this other variable is, and control it if possible.

You also need to consider how many data points to collect. In general, it is better to have more
data than less. However, you will have limited time to collect your data, and you need to allow time for
analysis and communicating your results. A minimum of six data points is usually required to establish
a relationship between variables if the relationship is linear. A linear relationship is one where if you
plot one variable against the other you get a straight line. If you think the relationship might not be
linear, then take more data points and think carefully about how they will be spaced. You should try to
collect more data in the range where you expect the dependent variable to be changing more quickly. For
example, if you are measuring the temperature of a hot object as it cools, then you should collect more
data early on when cooling is more rapid.

Draw a table to record data in. Label the columns in the table with the name and units of the variables.
If you know that the uncertainty in all your measurements is the same, then you can record this at the top
of the column as well. Otherwise, each data entry should have its uncertainty recorded in the cell with it.

Itis a good idea to start your analysis while you are collecting your data. If you spot an outlier while you
are still making measurements, then you have the opportunity to repeat that measurement. If you made a
mistake, then put a line through the mistake, write in the new data, and make a comment in your logbook.

If you have not made a mistake, then plotting and analysing as you go allows you to spot something
interesting early on. You then have a choice between revising your hypothesis or question to follow this
new discovery, or continuing with your plan. Many investigations start with one question and end up
answering a completely different one. These are often the most fun, because they involve something new
and exciting.

Accuracy and precision of measurements

When making measurements, your aim is to be as precise and accurate as possible.

An accurate measurement result is one that represents the ‘true value of the measured quantity as
closely as possible. When we take repeated measurements, we assume that the mean of the measurements
will be close to the ‘true value of the variable. However, this may not always be the case. For example, if you
have ever been a passenger in a car with an analogue speedometer and tried to read it, your reading will
be consistently different from what the driver reads. This is due to parallax error. The needle sits above the
scale, and when viewed from the side it does not correctly line up with the true speed. Beware of parallax
error with any equipment using a needle. This is an example of a systematic error, in which measurements
differ from the true value by a consistent amount. Note that often we do not know what the ‘true value'is.
Figure 1.11 compares accurate measurements with inaccurate measurements due to a systematic error.

A A FIGURE 1.11 Ina
plot of number of
measured values
versus reading, results
may: a be accurate
and cluster close to
the ‘true value; or

b cluster about some
other value.

Number of measured
values

>

Number of measured
values

>

f » Reading +— Reading
True value' Mean True value'

Mean
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Precision is a measure of the variability of the measurements, so it affects the spread of the repeated
measurements about the mean value. The smaller the spread, the greater the precision. Figure 1.12a
shows precise measurements, and Figure 1.12b shows less precise measurements. Note that both data
sets are centred about the same average, so they have the same accuracy.

Number of measured
values
Number of measured
values

» Reading ; » Reading
True value’ True value

FIGURE 1.12 In a plot of number of measured values versus reading, results may: a be precise and have a small spread
about the mean, or b be imprecise and have a large spread about the mean.

Figure 1.13 shows the difference between accuracy and precision for a game of darts. Accuracy is how
close to the centre your darts hit, and precision is how closely the darts are grouped.

FIGURE 1.13 On a

dart board, accuracy - w
is determined by how

close to the centre

(bull’s eye) your dart

lands. Precision is how

closely you can group

your darts.

Low accuracy Low accuracy High accuracy High accuracy
Low precision High precision Low precision High precision

When you perform experiments, there are typically several sources of uncertainty in your data.
Sources of uncertainty that you need to consider are the:

»  limit of reading of measuring devices
»  precision of measuring devices

»  variation of the measurand (the variable being measured).

For all devices there is an uncertainty due to the limit of reading of the device. The limit of reading is
different for analogue and digital devices.

Analogue devices have continuous scales and include swinging-needle multimeters and liquid-in-
glass thermometers. For an analogue device, the limit of reading (sometimes called the resolution) is half
the smallest division on the scale. We take it as half the smallest division because you will generally be
able to see which division mark the indicator (needle, fluid level, etc.) is closest to. So, for a liquid-in-glass
thermometer with a scale marked in degrees Celsius, the limit of reading is 0.5°C.

Digital devices, such as digital multimeters and digital thermometers, have a scale that gives you a
number. A digital device has a limit of reading uncertainty of a whole division. So, a digital thermometer that
reads to whole degrees has an uncertainty of 1°C. For a digital device, the limit of reading is always a whole
division (not a half), because you do not know whether it rounds up or down, or at what point it rounds.
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The resolution or limit of reading is the minimum uncertainty in any measurement. Usually the
uncertainty is greater than this minimum.

The measuring device used will have a precision, usually given in the user manual. For example, the
multimeter shown in Figure 1.14 may have a precision of 1.5% on a voltage scale. This means if you
measure a potential difference of 12.55 V on this scale, the uncertainty due to the precision of the meter
is 0.015 x 12.55 V = 0.19 V. This is greater than the limit of reading uncertainty, which is 0.01 V in this
case. The precision is a measure of repeatability. If you measured a potential difference of 12.55 V on this
multimeter, you could expect the reading to vary by as much as 0.19 V, even if the potential difference
stayed the same.

Many students think that digital devices are more precise than analogue devices. This is often not
the case. A digital device may be easier for you to read, but this does not mean it is more precise. The
uncertainty due to the limited precision of the device is generally greater than the limit of reading.

1S

£ Function Range Resolution Accuracy g
Z DC voltage  |400 mV 0.1 mv +(0.3% reading + 2 digits) 5
? 4V 0.001V é
g 40V 001V +(0.5% reading + 2 digits) S
g 400V 01V =
= 1000V 1V +(0.8% reading + 3 digits) 3z
2‘ AC voltage 50 t0 400 Hz 400 Hzto 1 kHz E
3 400 mV 0.1 mV *(1.5% reading + 15 digits)| +(2.5% reading + 15 digits)

4V 0.001V

40V 001V +(1.5% reading + 6 digits) |*(2.5% reading + 8 digits)

400V 01V

750V 1V *(1.8% reading + 6 digits) |*(3% reading + 8 digits)

Frequency 5.000 Hz 0.001 Hz
50.00 Hz 0.01 Hz
500.0 Hz 0.1 Hz
5.000 kHz 0.001 kHz
50.00 kHz 0.01 kHz
500.0 kHz 0.1 kHz
5.000 MHz 0.001 MHz
1000 MHz | 0.01 MHz
Sensitivity: 0.8V rms min. @20% to 80% duty cycle and <100 kHz; 5V rms min.
@20% to 80% duty cycle and >100 kHz

Duty cycle  [0.11099.9% [0.1% | +(1.2% reading + 2 digits)

Pulse width: 100 ps — 100 ms, Frequency: 5 Hz to 150 kHz
Note: Accuracy specifications consist of two elements:

* (% reading) — This is the accuracy of the measurement circuit.
« (+ digits) — This is the accuracy of the analog to digital converter.

*(1.5% reading + 5 digits)

+(1.2% reading + 2 digits)

*(1.5% reading + 4 digits)

FIGURE 1.14 a A typical small digital multimeter; b A page from the user manual giving the precision on various scales

Finally, the measurand itself may vary. For example, the flight of a water rocket is strongly dependent
on initial conditions, wind and other factors. Even keeping launch conditions as close to identical as
possible, it is unlikely that in repeat experiments you will be able to get a rocket to attain the same height

Accuracy,
within the limit of reading or equipment precision. Making repeat measurements allows you to estimate PreclisiC}n and
. C s . . .. resolution —
the size of the variation, using the maximum and minimum values. what is the
difference?

Sometimes you will be able to see how the measurand varies during a measurement by watching
a needle move or the readings change on a digital device. Watch and record the maximum and
minimum values.
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The difference between the maximum and minimum value is the range:
Range = maximum value — minimum value

The value of the measurand is the average value for repeated measurements, or the centre of the
range for a single varying measurement:

1
Measurand = minimum value + 2 (range)

The uncertainty in the measurement is half the range:
1 1
Uncertainty = 3 (range) = 3 (maximum value — minimum value)

For example, if you are using a multimeter and you observe that the reading fluctuates between
122V and 12.6 V, then your measurement should be recorded as (12.4£0.2) V. Note that the measurement
and uncertainty are together in the brackets, indicating that the unit applies to both the measurement
and its uncertainty.

When you take repeat measurements, the best estimate of the measurand is the average value. If you
have taken fewer than 10 measurements, then the best estimate of the uncertainty is half the range. If you
have 10 or more measurements, the best estimate of the uncertainty is the standard deviation, given by:

1
(= )_6)2 }2

Standard deviation = {
n

where x;is an individual value of the measurand, x is the average value of the measurand and nis the total
number of measurements. The sum is over all values of x; Most calculators and spreadsheet software
have built-in statistical functions such as standard deviation.

Remember that repeat measurements means repeating under the same conditions. It is not the same
as collecting lots of data points under different conditions.

Uncertainties can be expressed in two ways: absolute and fractional (also called relative or proportional)
uncertainty. The absolute uncertainty has the same units as the measurement, and is the uncertainty we
have been describing above. The relative or fractional uncertainty is the absolute uncertainty as a fraction
of the measurement, often expressed as a percentage. For example, if you measure your height to be

m
=0.006 or 0.6%.
164 cm

164 cm with an absolute uncertainty of 1 cm, then the fractional uncertainty is

The first step in analysing data (whether primary or secondary) is organising it. This will usually involve
tabulating the data. Tables of data need to have headings with units for each column, and a caption
Information and telling you what the data means or how it was collected. Tables are used for recording raw data, and also
communication for organising derived data.

technology
capability

Numeracy

Calculating derived data from raw data

Raw data is what you actually measured (with units and uncertainties). Derived data is data that you have
calculated using your raw data. For example, your raw data may be time and distance measurements,
from which you derive average speed and acceleration data.

When you record your data, write down the units for all your measurements. You may need to convert
these to SI units; for example, centimetres to metres (see appendix 1). Include the units with all numbers
as you perform your calculations to ensure you have the correct units on all derived data. It also allows
you to check that any equations you are using are dimensionally correct. It is good practice in general,
not just in investigations, to include units at each step in all your calculations.

Your raw data should be recorded with uncertainties. All your derived results should also have
uncertainties.

Whenever you add or subtract raw data, you simply add the absolute uncertainties.
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Whenever you multiply or divide raw data, you add the fractional uncertainties in all the values used.
For example, if you are calculating a using the equation

1 v
a=—X—
2 ¢
then the relative uncertainty in a will be the relative uncertainty in ¢ plus the relative uncertainty in & plus

the relative uncertainty in  again:
Aa Ab Ab Ac
=—+—+—

a b b c

We add the relative uncertainty of b twice because we multiply by 5% which is the same as multiplying

by b twice. Note that we do not include the relative uncertainty in — because we assume it to be an exact

GUM
number with no uncertainty. F\bnd (tjut moEe t
about uncertainties
If you have more complicated calculations, then you should refer to a guide such as the Guide to in the GUM (Guide

to Expression
of Uncertainty in
Measurement)

Expression of Uncertainty in Measurement or a book on experimental techniques.

Drawing and using graphs

If you look at any physics journal, you will see that almost every article contains graphs. Graphs are not
only a useful way of representing data, but they are also commonly used to analyse relationships between
variables. You should have lots of graphs in your logbook as part of your exploration of the data. It is often
useful to plot your data in different ways, especially if you are unsure what relationship to expect between
your dependent and independent variables.

Graphs should be large and clear. The axes should be labelled with the names of the variables and
their units. Choose a scale so that your data takes up most of the plot area. This will often mean that the
origin is not shown in your graph. Usually there is no reason why it should be. Figure 1.15 shows examples
of a poor graph and a good one.

0.5

0.4

03- .
02- ®

01 ”‘

4 L vs 1/f for first resonant frequency
0.3 3

0.25
—~ 024

E
=015+

0.1

0.05 T >

f T T >
1.

I I
5 2 25 3 35 4
1/f (x 10735)

FIGURE 1.15 a A poor example of a graph; b A good example of a graph of the same data. How many problems can you identify on the graph in part a?
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When you are looking for a relationship between variables, use a scatter plot (also called a scatter
graph). This is a graph showing your data as points. Do not join them up as in a dot-to-dot picture. Usually
the independent variable is plotted on the x axis and the dependent variable is on the y axis.

To determine a relationship, you need to have enough data points, and the range of your data points
should be as large as possible. A minimum of six data points is generally considered adequate if the
relationship is expected to be linear (a straight line), but always collect as many as you reasonably can in
the available time.

For non-linear relationships, you need more data points than this. Try to collect more data in regions
where you expect rapid variation. Imagine you are measuring an interference pattern from two slits, as
shown in Figure 1.16. You may need more than a hundred data points to clearly see the sinusoidal pattern
due to the two-slit interference.
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FIGURE 1.16 aInterference pattern from two slits; b Plot of intensity as a function of position for this experiment

A good graph to start with is simply a graph of the raw data. You will usually be able to tell by looking
whether the graph is linear. If it is, then fit a straight line either by hand or using graphing software.
Graphing software has a linear regression tool that calculates an R* number, which is a measure of
‘goodness of fit'. The closer R is to 1, the better the fit. If it is not very close to 1 (typically better than
0.95), then the relationship is probably not linear. Alternatively, you can calculate the uncertainty in
the gradient by using lines of maximum and minimum gradient. If the uncertainty is large, then the
. relationship may not be linear.
SD;:: hﬁ:;’:dm If you have a hypothesised equation, then use it to generate a fit on a graph of your data. Do not
on deciding the substitute your data into your hypothesised equation and try to show that it fits. Note that a line of best fit is
gg?;fff o data not the same as joining the dots. It is rarely useful or appropriate to join the dots, even though this is often
the default setting in spreadsheet software.
Ifit is a linear relationship, then finding the equation for the line of best fit will be useful. Remember

that alinear relationship is of the form y=mux+ ¢, where yis the dependent variable plotted on the vertical

axis, x is the independent variable on the horizontal axis, 7 = =) s the gradient of your graph, and cis
the y intercept from your graph. Ax

Never force aline of best fit through the origin. The intercept gives you useful information. It may even
indicate a systematic error, such as a zero error in calibration of your equipment.

When you plot your raw data, you may find that one or two points are outliers. These are points that
do not fit the pattern of the rest of the data. These points may be mistakes; for example, they may have
been incorrectly recorded or the result of a mistake made during measurement. They may also be telling
you something important. For example, if they occur at extreme values of the independent variable, then
it might be that the behaviour of the system is linear in a certain range only. You may choose to ignore

outliers when fitting a line to your data, but you should be able to justify why.
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Non-linear data and linearising

Relationships between variables are often not linear. If you plot your raw data and it is a curve, then do
not draw a straight line through it. In this case you need to think a little harder. If your hypothesis predicts
the shape of the curve, then try fitting a theoretical curve to your data. If it fits well, then your hypothesis
is supported.

If possible, you should linearise your data based on your hypothesis - that means to write it in the

form y = mx+ c. For example, if your hypothesis is that /2= % gt try plotting your data as a function of £,

Here, £ is the initial height of a falling object, gis the acceleration due to gravity, and ¢ is the time taken

for it to fall:
1
h=(—g)(t2)+0
2
T ) T T
y=m x+c¢

Hence, a plot of % vs £ should be a straight line vsnth gradient of g and a y intercept of zero. So, if

you plot 4 vs £ and get a straight line of gradlent g with a y 1ntercept of zero, then your hypothesis is
supported.

It is better to linearise your data rather than to try fitting a curve to non-linear data. Often a curve for
an exponential relationship can look very much like a curve for a power law. Linearising your data allows
you to distinguish between the two.

Once you have analysed your results, you need to interpret them. This means being able to either answer
your research question or state whether your results support your hypothesis.

You need to consider the uncertainties in your results when you decide whether they support your
hypothesis. For example, suppose you have hypothesised that the maximum range of a rocket occurs at
a launch angle of 45°, but your results show that the maximum range occurs at an angle of 47°. To say
whether the result agrees with the prediction, you need to consider the uncertainty. If the uncertainty is
1°, then the results disagree with the hypothesis. If the uncertainty is 2° or more, then the results do agree
and the hypothesis is supported.

If your hypothesis is not supported, it is not enough to simply say our hypothesis is wrong’. If the
hypothesis is wrong, what is wrong with it?

It may be that you have used a model that is too simple. For example, if you have based your hypothesis
on the kinematics model and ignored the effect of air resistance, the range is likely to be shorter and the
maximum height lower than you predicted. For many projectiles, including rockets, air resistance is not
negligible. If you find this is the case, then you may conclude that your situation is better described by a
model that includes air resistance.

However, before you decide that the model is at fault, it is a good idea to check carefully that you have
not made any mistakes.

It is never good enough to conclude that ‘the experiment didn't work'. Either a mistake was made or
the model used was not appropriate for the situation. It is your job to work out which is the case.

Experiments that do not support predictions based on existing models are crucial in the progress
of science. It is these experiments that tell us there is more to find out, and that inspire our curiosity as
scientists.
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e Logbooks are important working documents for scientists. It is a good idea to record all your
data in a logbook, along with all records of your investigations.

e Precision is a measure of the variability or spread in repeat measurements.

KEY CONCEPTS

e Accuracy is a measure of the difference between the average value of repeat measurements and
the ‘true value’ of the thing being measured. Often, we do not know the true value.

e The uncertainty in any measurement depends upon the limit of reading of the measuring
device, the precision of the device and the variation of the measurand. The uncertainty in the
measurand is whichever is the greatest of these.

e Uncertainties can be recorded as absolute uncertainties, which have the same units as the
measurand, or fractional uncertainties, which have no units and are usually expressed as
percentages.

e Data is usually recorded in tables. Graphs are used to represent and analyse data.
e Linear graphs are useful for analysing data.

e If you predict a particular mathematical relationship, you should linearise your data and then
graph it to test your prediction.

e You must know the uncertainty in your results to be able to test your hypothesis.
e When your hypothesis is not supported, try to figure out why.

Communicating your understanding

Numeracy If research is not reported on, then no-one else can learn from it. An investigation is not complete until
the results have been communicated. Most commonly a report is written. Scientists also use other

Information and s . . .
means to communicate their research to each other such as posters and talks. School science fairs may

communication
technology also include posters and oral presentations. Science shows and demonstrations, websites, videos and

capability
blogs may also be used. You need to select the mode that best suits the content you wish to communicate
and your intended audience.

Writing reports

A report is a formal and carefully structured account of your investigation or depth study. It is based
on the data and analysis in your logbook. However, the report is a summary and contains only a small
fraction of what appears in the logbook. Your logbook contains all your ideas, rough working and raw
data. The report typically contains very little of this.

A report consists of several distinct sections, each with a particular purpose:

»  Abstract

» Introduction

»  Method

»  Results and analysis
»  Discussion

»  Conclusion

»  Acknowledgements
» References

»  Appendices.

Reports are always written in the past tense because they describe what you have done.
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The abstract is a very short summary of the entire report, typically 50-200 words. It appears at the
start of the report, but is always the last section that you write. Try writing just one sentence to summarise
each part of your report.

The introduction tells the reader why you did this investigation or depth study, and what your
research question or hypothesis is. This is the place to explain why this research is interesting. The
introduction also includes the literature review, which gives the background information needed to
be able to understand the rest of the report. The introduction for secondary-sourced reports is similar
to that for a primary-sourced investigation. In either case, it is important to reference all your sources
correctly.

The method summarises what you did. It says what you measured and how you measured it. It is
not a recipe for someone else to follow. It is always written in past tense; for example, ‘We measured the
temperature every 10 s, not Measure the temperature every 10 s. It also briefly explains why you chose a
particular method or technique.

For a primary-sourced investigation, the method describes how you carried out your experiments
or observations in enough detail that someone with a similar knowledge level could repeat your
experiments. It should include large, clear diagrams of equipment set-up, circuits etc. You should have
diagrams in your logbook, but these are generally rough sketches. Diagrams should be redrawn neatly for
areport, as in Figure 1.17.
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FIGURE 1.17 a A circuit diagram from a logbook; b The same circuit diagram redrawn in a formal report

The method section for a secondary-sourced investigation is generally shorter. If you are conducting
a review of the current literature on a topic, then your method will say what literature searches you
carried out and how you decided which sources to use.

The results section is a summary of your results. It is usually combined with the analysis section,
although they may be kept separate.

Tables comparing the results of different experiments or secondary sources are useful, but avoid
including long tables of raw data in your report. Wherever possible, use a graph instead of a table. If you
need to include a lot of raw data, then put it in an appendix attached to the end of the report.

Think about what sort of graph is appropriate. If you want to show a relationship between two
variables, then use a scatter plot. Display your data as points with uncertainty bars and clearly label any
lines you have fitted to the data. Column and bar charts are used for comparing different data sets. Do
not use a column or bar chart to try to show a mathematical relationship between variables. Examples of
these two types of graphs are shown in Figure 1.18.

9780170409063 CHAPTER 1 » WORKING SCIENTIFICALLY AND DEPTH STUDIES 25



Referencing
guide

This guide is designed
to help you with
referencing your
sources

Guide to
referencing in
different styles

This tutorial will

help you understand
referencing and show
you how to avoid
plagiarism.
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Any data and derived results should be given in correct SI units with their uncertainties. If you
performed calculations, then show the equations you used. You might want to show one example
calculation, but do not show more than one if the procedure used is repeated.

The discussion should summarise what your results mean. If you began with a research question,
give the answer to the question here. If you began with a hypothesis, state whether or not your results
supported your hypothesis. If not, explain why. If your investigation led you to more questions (as is often
the case), say what further work could be done to answer those questions.

The conclusion is a very brief summary of the results and their implications. Say what you found out
and what it means. A conclusion should only be a few sentences long.

Scientific reports often include acknowledgements thanking people and organisations that helped
with the investigation. This includes people who supplied equipment or funding, as well as people who
gave you good ideas or helped with the analysis. In science, as in other aspects of your life, it is always
polite to say thank you.

The final section of areport is the reference list. It details the sources of all information that were actually
used to write the report. This will generally be longer for secondary-sourced investigations. Wherever a
piece of information or quotation is used in your report, it must be referenced at that point. This is typically
done either by placing a number in brackets at the point; for example, [2], or the author and year of
publication; for example, (Smith, 2014). The reference list is then either provided in a footnote at the end of
each page, or a single complete list at the end of the report. There are different formats for referencing, so
check with your teacher what format is preferred. There are several online guides to referencing.

Note that a reference list is 7ot the same as a bibliography. A bibliography is a list of sources that
are useful to understanding the research. They may or may not have actually been used in writing the
report. You should have a bibliography in your logbook from the planning stage of your investigation.
The references will be a subset of these sources. A primary-sourced investigation does not include a
bibliography. A secondary-sourced investigation may include a bibliography, as well as references, to
demonstrate the scope of your literature search. For some secondary-sourced investigations, such as an
annotated bibliography, the bibliography itself may be a major section of the report.
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FIGURE 1.19 The steps in each of the major sections of a formal report

Figure 1.19 is a flowchart showing the steps in each of the major sections of a formal report. It shows
the steps as they appear in the final report to give a logical sequence for your reader, but typically you
would not write your report in this order. For example, students often find it easiest to write the method
section first and the abstract last.

You may want to present the results of your investigation in some other way. Look at examples of science
investigations reported in places such as websites, newspapers, television etc. This will give you an idea
of the different styles used in the different media. Think about the purpose - is it to inform, to persuade,
or both? What sort of language is used?

Think about your audience and purpose, and use appropriate language and style. A poster is not
usually as formal as areport. A video or webpage may be more or less formal, depending on your audience.

Website
accessibility

Posters and websites use a lot of images. Images are usually more appealing than words and numbers,
but they need to be relevant. Make sure they communicate the information you want them to.

Consider accessibility if you are creating a website. Fonts need to be large enough and digital images
should have tags. You can follow the weblink for more information on accessibility and website design.

If you plan to make a video, consider who your audience is and what will appeal to them. Think about
how you will balance content with entertainment.

The Royal Society
for the Blind has
information on
making websites
accessible.

A formal report uses referencing to show where you found information. Other means of
communicating about your depth study or investigation also need to acknowledge the sources of
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information you used. You also need to be very careful about using copyright content - for example,
you cannot copy images from other people's websites without permission unless the site gives that
permission. Talk to your teacher about how they would like you to acknowledge your sources.

However you communicate your work, make sure you know what the message is and who the
audience is. Once you have established that, you will be able to let other people know about the
interesting things you have discovered in your investigation.

As you progress through this course, you will see investigations in each chapter. Some of these
investigations are described in detail. These detailed investigations are designed to be useful as
training exercises in learning how to perform primary investigations — how to set up equipment, make
measurements and analyse data. Even if your depth study is secondary-sourced, it is important to gain
some experience of conducting investigations as physics is an empirical science.

At the end of each end-of-module review there is a short section called depth study suggestions. Here
you will find ideas for primary- and secondary-sourced investigations, which build on the content of the
preceding chapters. These suggestions are sourced from experienced teachers and university academics,
and the physics education literature. Your teacher will also have ideas and suggestions, and you can
generate your own ideas by reading about topics you are interested in.

Consider what skills from other areas you might bring to a depth study, particularly if you are artistic
or musical, or good at making things. Many physicists combine their love of science with other creative
pursuits.

By carrying out depth studies, not only will you extend your knowledge and understanding in physics,
but more importantly you will also learn how to work scientifically — you will learn how to ‘do physics.

A formal report has the same form as an article written by a scientist. It begins with an abstract
briefly summarising the entire work. It includes an introduction section (with a literature
review), and method, results and analysis, discussion and conclusion sections.

All sources need to be referenced correctly.

There are many ways of communicating your findings. Choose a method that is appropriate to
your investigation and your intended audience.
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Students:
describe uniform straight-line (rectilinear) motion and uniformly accelerated motion through:
qualitative descriptions
the use of scalar and vector quantities

OUTCOMES

How is the motion of

an object moving in a
straight line described conduct a practical investigation to gather data to facilitate the analysis of instantaneous and average

velocity through:
quantitative, first-hand measurements
the graphical representation and interpretation of data

and predicted?

calculate the relative velocity of two objects moving along the same line using vector analysis

conduct practical investigations, selecting from a range of technologies, to record and analyse the motion
of objects in a variety of situations in one dimension in order to measure or calculate:

time

distance

displacement

speed

velocity

acceleration

use mathematical modelling and graphs, selected from a range of technologies, to analyse and derive
relationships between time, distance, displacement, speed, velocity and acceleration in rectilinear motion,
including:

Physics Stage 6 Syllabus © NSW Education Standards Authority for and on behalf of the Crown in right of the State of New South Wales, 2017




It was once thought that moving objects would slow down and stop when they got tired - their motion
was something that was natural to them. Aristotle (384-322 BCE) believed that heavier objects naturally
fell faster than light objects. He said an ‘efficient cause’ made an arrow travel in a straight line. It moved off
a straight line by reason of violent force. Aristotle developed a sophisticated view about motion that was
used extensively for nearly 2000 years. However, not every observation could be explained using these
ideas. As a result, Aristotle’s ideas came under scrutiny. Galileo and Newton changed the way motion
is explained by using the results of many observations and investigations to develop new ideas about
motion. These ideas are still used today to explain all but the most unusual forms of motion. Einstein's GF;‘O‘EOA;SEOEHVS{E%
theories are required to explain the behaviour of objects and particles that are moving at speeds close to
the speed oflight. These theories and laws are models for the behaviour of the motion of objects, which are
themselves modelled as point masses. We use graphs and equations as equivalent and complementary
representations of the motion of these model particles.

Shutterstogk.com/De

FIGURE 2.1 Relative motion on a railway platform

@ Motion along a straight line

Motion can occur in straight lines, on a surface (two dimensions) or in three dimensions. The simplest
type of motion of an object is along a straight line — forward or backward, to the left or right, or up or
down. When we describe motion, we choose a sensible frame of reference. For example, stationary Earth
is a sensible frame of reference for an aeroplane; for Venus, the Sun can be considered to be stationary.
The chosen frame of reference can be used even if it is in motion, such as Earth moving around the Sun
at about 30 km s,

A car has many moving parts. However, in our studies we will model a car or other object as having
its entire mass concentrated at one point — its centre of mass. This will simplify calculations about the
motion of the car, even though a real car is not a single point. Such models are often used in physics.
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Simplifications of real situations make it possible to analyse the motion of an object with length, such as
a car, even though it is obviously not a single point. More detailed analysis of the different parts of the car,
such as that undertaken by car designers, might be required to understand car safety and how vehicles
deform in crashes.

In order to describe the motion of an object, information about the position of the object and the time
are needed. Position cannot change instantaneously. An object cannot move from one place to another
without taking time to do so. It takes time for the position of anything to change.

The position of an object is measured as the distance away from some reference point,

B o) A
% % —toam | toem 20 30§ such as the starting place, or origin, O. In Figure 2.2, point A is a distance of 25 cm from
O while point B is 40 cm from O. A position can either be to the right or to the left of the
FIGURE 2.2 By defining a starting origin O in this example. A position to the right is given a positive value while a position to
ISP o S IEA T the left is negative. In a method similar to a number line in mathematics, point A is said to
can be designated positive and ) i .
negative. be +25 cm from O while point B is =40 cm from O.
Distance

Distance, d, is the actual length between two points. It has no direction. For example, the distance between
points A and B in Figure 2.2 is simply stated as 65 cm.

Displacement

Displacement is the position of an object relative to the origin, or starting point. In straight-line motion,
displacement must be given a positive or negative value to show which side of the origin the object is
positioned.

In a marathon in which the finish line is the same as the starting line, a runner will have a final
displacement of zero at the end of the race. The distance run will be 42.2 km, but the displacement
measures how far you are from the start or origin. At times during the race, the runner’s displacement
may have been many kilometres, as this is the straight-line distance from the start to the runner. We will
use d as the symbol for distance and § for displacement. Both displacement and distance have the same
SI unit, the metre (m).

WORKED EXAMPLE @

A snail starts at a position 20 cm from the origin, and then moves to a new position 40 cm further away
before going back past the origin to a position 20 cm on the other side of the origin. It finally ends up at
the origin. The positions are shown in Figure 2.3a.

Numeracy
Position
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FIGURE 2.3 a A snail moves along a straight line from +20 cm to +60 cm, then to —20 cm, and then ends up at the
origin, O. b Cartesian position-time graph of the motion of a snail along a straight line
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The position-time graph of the motion is shown in Figure 2.3b.
1 What was the distance travelled by the snail’s centre of mass on its trip?
2 What was the final displacement of the snail’s centre of mass relative to the:

a starting point?

b origin?

ANSWERS LOGIC
1 d=40cm+ (60 cm—(—20 cm)) + (20 cm — 0 cm) = Read data from graph correctly.

=40 cm + 80 cm + 20 cm = Calculate the correct answer.

=140 cm
2 as§=d —d = |dentify the appropriate formula.

1
=0cm—20cm = Substitute all known values into the formula.
5§ =—20cm = Calculate the correct answer.

(i.e. 20 cm to the left of the starting point)

b The snail is at the origin after the movement. This means = ® Interpret the answer correctly.
its displacement is zero relative to the origin.

TRY THESE YOURSELF
Tia lives on a long straight road 250 m from the shops and 400 m from her friend James, who lives in the
opposite direction. Tia walks to the shops, and then goes to see James.

1 Before she goes out, what is Tia’s position relative to:
a theshops?
b James?

2 After the walk:
a what distance did Tia travel?

b what was Tia’s displacement relative to home?

A word about numbers

If we measure a quantity of something, such as marbles in a jar, the number just has a size (magnitude).
An ordinary number such as this is called a scalar. Distance travelled is a scalar. We only care about how
many metres were covered, not what direction we were going in.

With displacement, we care about the magnitude and we also care about the direction. On a number
line, direction is positive or negative. Numbers that require both magnitude and direction are called
vectors. We will represent vectors such as displacement by writing their pronumerals with a small arrow
above them; for example, §.

The position of an object is measured at a particular time, £ The SI unit for time measurements is the
second, s.
Movement is the change in position as time changes. Any time interval can be shown as Az, where:

At=t,—t; (Unit: s)

At represents the amount of time that has passed from one measurement to the next. Az is a single
symbol. It is often replaced by # but retains the meaning At=1¢, — ¢,.
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In everyday speech, the terms speed and velocity may be used to mean the same thing. In physics,
speed relates to the distance covered in a time interval; velocity specifically relates to the change in
displacement during a time interval.

The change in distance, called the distance interval, is given the symbol s (no arrow — it is not a vector).

s=d,—d, (Unit: m)

TABLE 2.1 Scalars and vectors

SCALARS VECTORS

Distance, s Displacement, §
Speed, v Velocity, v
Speed

Speed, v, is a measure of how fast something is travelling. It is the rate at which distance changes
as time changes. Speed can be measured by observing the distance travelled and dividing by
the observed time taken. Speed may be reported as instantaneous, such as the reading on the

speedometer of a car, or it may be average, where a whole trip is measured. Whether it is instantaneous

Distance versus
time graphs:
designing a walk

or average, speed is always measured by measuring distance intervals, and time intervals and
performing the calculation:
s
v=-
A t

Distance distance travelled (m)

The ST unit of speed and velocity is the unit of

thatis, m/s orms . time taken (s)

»

| — e

Time taken Time
(run) ]
) rise
Gradient = slope = 75

_ distance travelled
time taken
= speed

FIGURE 2.4 Speed is given by
the gradient (rise/run) of the
distance-time graph.

Velocity

Dist,
U:V:ng In Figure 2.4, the gradient of the distance-time graph gives the
(rise) speed. For constant speed, the gradient is the same at all points.

The graph is a straight line. In this situation, the average speed would
be the same as the instantaneous speed throughout the journey. If the
speed were to vary, the gradient of the line would change too.

You cannot measure the speed of a car by taking a single photo.
You can measure its speed over a very short time interval from a video
of its motion, using the frame just before and just after the instant in
time in question. Therefore, reference to instantaneous speed is really
a reference to an average speed that is the same value as all the speeds
in the time interval measured. This is why the time interval needs to be
very small.

The change in displacement, the displacement interval, is given the symbol 5. The arrow above the
symbol is used to signify that this quantity has a direction associated with it.
Velocity is the rate of change of displacement as time changes:

A== (Unit: ms ™)
t

Speed is the magnitude of the velocity. It can be found by dividing the straight-line difference between

initial and final displacements by the time interval over which the change takes place. The direction of
velocity is either positive or negative for straight-line motion. In general, the direction of the velocity is
the same as the direction of the change of displacement.
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The speeds of common objects

We can make objects move at different speeds. Some first-class cricketers can bowl a ball at speeds
approaching 45 m s~ The mechanical advantage conferred by a bat or racquet can increase or decrease
ball speeds.

Numeracy

Information and
communication

m technology

capability
To measure the speeds of some human-propelled objects

MATERIALS

Stopwatch

Measuring tape

Various bats, racquets and balls

Optional: video camera or motion data-logger

RISK
ASSESSMENT
A ball hit with a bat could hit a person or break a window. Perform the experiment in an open space, such as a school

oval, and keep bystanders well back.

What other risks are associated with your investigation, and how can you manage them?

Measure out an appropriate length (e.g. 20 m) between two lines on the school oval or in a clear area.

By either throwing or hitting a ball with a bat or racquet, reproduce the actions of several different
ball sports (e.g. cricket, tennis, hockey, golf) that propel a ball from one line past the other.

Measure the time it takes for the ball to travel the designated distance. For this, use a stopwatch or you may
be able to video the motion and use the clock on the video. You might also have access to a motion data-
logger that is able to measure speed directly.

Repeat step 3 for the same sport several times.
Repeat steps 3 and 4 for a different sport.

Record the results of your timing measurements for each sport in a table.

ANALYSIS OF RESULTS

Find the average speed of the ball for each sport. Include an estimate of the uncertainty in each value.

Convert the results from m s~ to km h™%.

DISCUSSION

Discuss the difficulties encountered during this experiment and suggest ways in which the data collection
could be made to be more accurate.

CONCLUSION

With reference to the data obtained and its analysis, write a conclusion based on the aim of this investigation.
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Speed4 Relationship between speed, distance and time
Speed of If you walk steadily taking two paces each second, you are walking at 2 paces per
motion second (i.e. 2 paces s~'). In 10 seconds, you would have moved 20 paces. Using
metres as the unit of length allows any motion to be described in the same way
Area = v X At anywhere. Calculations to find the distance moved can be made:
Ad s
V= —=—
> At ¢
Time taken Time
Area shaded = speed of motion X time taken s=1t

= distance travelled
The distance travelled can also be found by calculating the area under a speed-
FIGURE 2.5 A speed versus time graph of an . s . . . .
object moving at constant speed time graph. This shows that v times # which equals s (the distance travelled), is the
area under the line, as shown in Figure 2.5.

When an object changes speed in a very short amount of time, the change in speed is often regarded as
being instantaneous. Truly instantaneous speed change is impossible for the same reasons that truly
instantaneous distance change is impossible. In Worked example 2.2, we will consider that the runner
changes her speed almost instantaneously (at 15 minutes in Figure 2.6) for practical purposes.

WORKED EXAMPLE @ P A
An athlete runs at 20 km h™ for 15 minutes. She then —r‘ "
gets a stitch and slows to 15 km h™" for the next hour. -g
The speed versus time graph is shown in Figure 2.6. % 10 4
1 How far does the runner travel in the first &
15 minutes? & 51
2 How far does she run in total? 0 4 i ; : B
0 15 30 45 60 75
Time (min)
FIGURE 2.6
ANSWERS LOGIC
1 Area=s, = |dentify required area under the graph.
=vAt, = (Calculate the correct answer.
=20kmh™" x0.25h
=5km
2 Area=gs,+35, = Use area under the graph.
=V, At + 1AL, = (Calculate the correct answer.

=5km+(15kmh™' x 1h)
Area =20 km

TRY THIS YOURSELF
If the runner continues at 15 km h™! for another hour, how far will she have run in total?
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Average speed, v,,
When you are travelling through the city in a car, your speed changes all the time. If you have travelled
20 km in half an hour, you would say that your average speed, v,,, was 40 km h™' for that trip. It does
not mean that you were always moving at 40 km h™'; however, if you had been travelling at a constant
40 km h™", the same trip would have taken the same time. Average speed is the one single speed that
would enable the car to cover the same distance in the same time interval:

Ad

v 2 (Unit: -
== nits: ms
At

WORKED EXAMPLE @

What was the average speed of the athlete in worked example 2.2?

ANSWER LOGIC
Ad s = Use the correct formula.
we E - ; = The average speed is found by dividing the total distance

travelled by the total time interval taken for the entire event.
§=20 km; At =1.25 hours

20 = i
_ =16 kmh™" = Substitute the correct values to find the correct answer and

Voyw = .
s units.

TRY THIS YOURSELF
A car trip involves travelling at 60 km h™" for 1 hour, and then at 100 km h™" for the next 30 minutes. Find the
average speed of the car for the entire trip.

Instantaneous speed, v,

inst

Glancing down at the speedometer of a car will give  &pgition

information about the vehicles speed at that moment. This is Tangent
the car’s instantaneous speed, v,,. When observing an object

in motion, it is often very difficult to measure its instantaneous I } Distance
speed. To find a speed, we need to measure the distance and travelled

the time intervals. This means that every measurement Time interval

of speed is really a measurement of some average speed. In
reality, all measurements are averages. However, if the time
interval is very small, the average speed becomes very close to
the instantaneous speed; ;g = Vyq

If the time interval is made smaller and smaller so that FIGURE 2.7 Instantaneous speed, v, is
the value of the gradient of the tangent to

the position—time graph.

>

Time

it approaches zero, the value of the v,, being measured
approaches the gradient of the d versus ¢ graph.
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WORKED EXAMPLE

Refer to the speed versus time graph for an object
shown in Figure 2.8.

Speed
1 Find the distance travelled: (cms™T)
a inthe first 10.0s. 10
b between 10.0 s and 30.0 s. i
¢ between 30.0 s and 35.0 s. 0 10 20 30 40 Time
Find the average speed of the object for the trip. <)
Find the distance travelled in 15 s. FIGURE 2.8
How long does the object take to travel 70 cm?
ANSWERS LOGIC
1 a Distance is the area under the graph. = |dentify how to determine distance from the graph.
1 . = |dentify the formula required to calculate area under
= EXIO cms  X10s the graph.
= 50 cm = Substitute known values into the formula and calculate
the area.
b Distance=10cms'x20s = Substitute known values into the formula and calculate
=900 cm the area.

. 1 _ q .
¢ Distance = 5 x10cems ' x5s = Substitute known values into the formula and calculate

the area.
=25cm
total dist . . .
2 Averagespeed = SO A = |dentify the formula required to calculate the gradient.
time interval
= 275 cm = Substitute known values into the formula and calculate
35s the gradient.
=79 cms !
3 Distance= L x10ecms™'x10s+(10cm s x 3 s) = |dentify the formula required to calculate the distance.
=100 cm = Substitute known values into the formula and calculate
the distance.
4 Somewhere between 10 s and 15 s, the object has = |dentify relevant information from the question and determine

travelled 70 cm. the appropriate formula.

Let ¢ be the time at which the object has travelled 70 cm.
The area under the graph after 10 s is

(t—10s)xvand s=20 cm.

s=(t—108)Xv

= Substitute known values into the formula and calculate

s
t—10s=— the answer.
1%
t=2+10s
v
20
== _110
10 cms
=12s
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TRY THESE YOURSELF A
At the school sports, Elle runs the 100 m event in 17.25 s (see 101
Figure 2.9). g
1 Calculate the distance covered: T:
6 u
a inthefirst6.0s. S
T 4
b from6.0sto8.0s. ]
2 Calculate the average speed in the first 8.0 s. ? 2l
O (/ T T T T :
0 5 10 15 20
Time (s)
FIGURE 2.9

Suppose you are standing beside a road, and a vehicle is approaching you from the left at 20 m s,

Looking right, another vehicle is approaching at 20 m s~ From your frame of reference, modelled as the
origin on a number line, both vehicles have a speed of 20 m s™'. However, from the point of view of either
of the drivers, the other vehicle is approaching at 40 m s

Relative velocity depends on the frame of reference. It can be a very useful concept when considering
the consequences of events such as collisions. A crash at 40 m s~ does considerably more damage than
acrashat20ms .

To analyse these linear situations, choose one of the moving objects and call it the observer, with V,
as its velocity. Let V4 be the velocity of the other object, which we will call the distant object.

The relative velocity is given by:

Table 2.2 gives the relative velocity of the observer (relative to the distant object), assuming ¥, is
moving in the positive direction.

TABLE 2.2 Relative velocities and their meaning

SITUATION RESULT INTERPRETATION

Vo < V4 same direction A negative number Vo is moving in the negative direction with
respect to Vq

Vo > V4 same direction A positive number V, is moving in the positive direction with
respect to Vg

Opposite directions A positive number Vo is moving in the positive direction with

respect to Vy

Note that if the objects are travelling in opposite directions, V4 is necessarily moving in a negative
direction with respect to V,, and so i — i, will necessarily yield a positive number. Whether they are
closing or separating will depend on their initial positions, but the relative velocity will have the same
magnitude.

9780170409063 CHAPTER 2 » MOTION IN A STRAIGHT LINE 39



WORKED EXAMPLE @

A car is travelling along a road at 22 m s, A truck is travelling in the same direction 100 m ahead at

18ms .

1 How long will it take for the car to overtake the truck?

2 How far will the car have travelled in that time?

ANSWERS LOGIC

1 Relative velocity = Vear = Viruck " Ic;:in?fz:g ct:eizna?pper:griate formula to determine the

1

=22ms'—18ms- = Substitute known values into the formula and calculate

=4mg relative velocity.
_§ 5 = |dentify the correct formula to determine the time taken
V= ;, SOl=— and rearrange to find the unknown.
v
100 m = Substitute known values into the formula and calculate
:4—_1 the time taken.
ms
=25s
2 Absolute distance travelled: = |dentify the correct formula to determine the absolute
S=1it distance.
=922 X 25 = Substitute known values into the formula and calculate
—550m the answer.
TRY THESE YOURSELF

1 Two vehicles are approaching each other on opposite sides of a motorway. The first is moving at
100 km h™", while the other is travelling at 85 km h™". If their initial separation is 2.0 km, how long
will it take them to pass each other?

2 Adog is chasing a postman. The dog sprints at 8.5 m s~ and starts 10 m behind the postman. The
postman sprints at 6 m s, The dog will stop 50 m from its starting point.

a Will the dog reach the postman?
b How long will the pursuit take?

A frame of reference is a spatial coordinate system for observing physical phenomena that
allows for an origin. It enables the measurement of quantities involved in changing position.

The centre of mass is the average (mean) position of all matter in the system, weighted by
mass.

KEY CONCEPTS

A scalar is a number that has only magnitude (size).
Distance, d, is the actual length between two points. It has no direction and is therefore a scalar.
A vector is a number that has both magnitude and direction.

Displacement, s, represents a change of position with respect to the starting point. It has both
magnitude (the distance) and direction, so it is a vector.

Movement is the change in position as time changes.
Any time interval can be shown as At, where: At=t, — t; (Unit: s).
Speed, v, relates to the distance covered in a time interval.

Velocity, v, specifically relates to the change in displacement during a time interval.
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e Speed is the magnitude of the velocity. Velocity also includes direction.

e Change in distance, called the distance interval, is given the symbol s, where s=d, — d,
(Unit: m).

e Speed is measured as distance travelled over time (Unit: s7).

e Average speed is the one single speed that would enable an object to cover a specified distance
in a given time interval.

e Instantaneous speed is the rate at which distance is covered over a time interval that is so brief
as to be negligible.

e For constant speed, the gradient on a distance-time graph is the same at all points. The graph is
a straight line.

e The area under the curve on a speed-time graph shows the distance travelled.

e A graph of v versus t shows that the area under the line equals s, which is the distance
travelled.

e Relative velocity depends on the frame of reference.

e Relative velocity is given by: v, — Ujy .

e Using vector addition, the resultant vector from the point of view of one object is with respect
to the other object, not the fixed external frame of reference.

CHECK YOUR
1 Whatis the difference between: UNDERSTANDING

a distance and displacement?
b speed and velocity?

¢ average and instantaneous speed?

d average and instantaneous velocity?
What does the value of the gradient of a distance versus time graph for an object represent?

Explain why instantaneous speed at a time during a journey can be quite different from the average speed
for the whole journey.

4 For a speed versus time graph, show how to find the units of:
a gradient.
b area.

5 Jane averages 80 km h™ for a 120 km journey. For the first 60 km, she averages 60 km h™. What must her
average speed have been for the remainder of the journey?

6 A battery-operated car travels 6.0 m north in 2.4 s and then 6.0 m south in 1.8 s.
a Whatis the displacement of the car?
b Whatis the average velocity of the car?
¢ Whatis the distance travelled by the car?
d Whatis the average speed of the car?

7 Acyclist travels at 30 km h™ for 0.5 hours, and then at 50 km h™ for the next hour until the destination is
reached.

a How fast would a second cyclist, travelling at a constant speed, need to ride to arrive at the destination
in the same time?

b Explain why the answer to part a above is not simply 40 km h™.

8 The world record for the 100 m sprint is approximately 10 s. At this average speed, in what time would the
record-holder run 1500 m?

9 The Blue Orchid and the Yellow Devil taxi services pick up passengers at an airport at midday to drive to
the same destination. The driver of the Yellow Devil taxi averages 100 km h™" for 4 h, while the driver of the
Blue Orchid taxi travels more sedately for 3 h at an average speed of 80 km h™.

At what speed must the Blue Orchid taxi driver travel during the next hour so that the two taxis arrive
at the same place at 4 p.m.?

9780170409063 CHAPTER 2 » MOTION IN A STRAIGHT LINE 41



Acceleration along a straight line

The speed of sprinters in a 100 m race increases very quickly in the first few seconds of the race. Once
they cross the finish line, their speeds gradually decrease until they stop. In everyday language, this would
Mol be described as acceleration and deceleration. Both involve a change in speed over a time interval, so
analysis of data they are both examples of acceleration — the first is positive acceleration and the second is negative
acceleration. When speed in the positive direction is increasing, it is positive acceleration. When the

speed in the positive direction is decreasing, it is negative acceleration.
Acceleration can therefore be positive or negative. A car becoming faster in the negative (reverse)
direction would be undergoing negative acceleration, or acceleration in the negative direction.

Acceleration occurs over a time interval, and is defined as the change in velocity divided by the time

interval:
Av (ms™ v _
A o= Av(ms ) = — (Units: m ™)
At (s) t

Reaction times . . .
investigation Instantaneous acceleration can be found using the same method as instantaneous speed. As At

approaches zero, the value of the acceleration is the value of the gradient of the velocity versus time

graph at that time. For constant acceleration, d,, = d,y =d.

As velocity is speed with direction, acceleration will be occurring when there is a change in the
direction of motion, even if the speed is constant. This affects our analysis of projectile motion and
circular motion. However, for the time being, we will concentrate only on motion in a straight line.

WORKED EXAMPLE

The speed of a car increases from 5.0 m s to 15.0 m s~ in 4.0 seconds. What was the car’s average
acceleration?
ANSWER LOGIC

v =150m — v, =50m s Af=40s = Extract relevant data from the question.

Av (m S—l) = |dentify the appropriate formula.
a,,=————
8 At (s)
4 = Substitute the known values, with units, into the formula.
Av _vi—vyms
At At s
B 15ms'-5ms™
40s
=25ms> = (Calculate the correct answer, and express it with correct

significant figures and units.

TRY THESE YOURSELF
Find the average acceleration, in m s, for a car when its speed:

1 increasesfrom16ms  to40ms 'in3.0s.

2 decreases from 75 kmh ™ to40kmh'in 5.0 s.
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The area under an acceleration versus time graph has the units of speed, m s, Finding the change
in the speed between two values of time will involve finding the rectangular area under the acceleration
versus time graph. This applies to objects with constant acceleration, as shown in Figure 2.10a.

For non-constant acceleration, the change in speed is still found using the area under the acceleration
versus time graph, as shown in Figure 2.10b.

4 Acceleration () Acceleration Acceleration
F N A

>

T Time —| At |~ Time —| e | Time

FIGURE 2.10 aThe area under the acceleration-time graph gives the change in speed. b The area under the
acceleration-time graph is the change of speed, even for non-constant accelerations.

WORKED EXAMPLE @

A cruise ship accelerates at a constant rate for 10.0 minutes until it reaches a speed of 10 m s, It then

continues to travel in a straight line for 20.0 minutes at 10 m s,

1 Sketch a speed (m s™") versus time (s) graph for the ship for the 30 minutes. Note: convert minutes to
seconds so that the time axis goes from 0 to 1800 s.

2 What was the ship’s acceleration, in m s 2, for the first 10.0 minutes?

Sketch an acceleration versus time graph for the ship for the 30 minutes.

ANSWERS LOGIC
1 Speed 4 = Draw the axes and label correctly.
(ms™) = Plot the line using the information provided.
10
600 1200 1800
Time (s)
FIGURE 2.11
2 Acceleration (ms™?) = |dentify the appropriate formula.
Av
a=—
At
10ms'-0ms™ _
ms = Substitute the known values into the formula, calculate the

 10minX60 s per min

=1.67x102 ms™>

answer and express it with correct significant figures and units
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ANSWERS LoGIC

3 Acceleration 4 = Draw the axes and label correctly.
(ms™?) = Plot the line using the information provided.
167 X 1072

600 1200 1800

Time (s)
FIGURE 2.12
TRY THESE YOURSELF
Velocity north 4
(ms™)
10 4
0 10 20 30 40 50 60 70 80
Time (s)
FIGURE 2.13

The velocity versus time graph for a bus travelling along a straight road is shown in Figure 2.13.
1 What distance is travelled by the bus while it is accelerating in a positive direction?
2 What is the distance between the two bus stops?

3 Whatis the acceleration of the bus in the first 10 s of motion?

WORKED EXAMPLE

Figure 2.14 shows the velocity-time graph for Velocity

b
an object as it moves along a straight line. (ms™)

10 4

1 Find the displacement after 20 s. <
2 Find the acceleration at 17.0 s. o4 i\ o >

10 20 40 Time (s)
3 Whatis the acceleration at = 35.0 s? =3
= ‘I O -
FIGURE 2.14
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KEY CONCEPTS

ANSWERS

1 Displacement = area under graph

§=%(10ms_1 x10s)+(10ms™ x5s)

+%(10 ms %25 s)—%(lo ms %25 s)

=50m+50m+125m—-125m
=100 m

change in veloci
2 Acceleration= change in velocity

time
(—10 ms™ ) — (+10 ms™ )

20s—15s
=—40ms™>

a=

3 Finding the gradient of the tangent to the graph at t=35.0's

gives
_ _5ms' —0ms”
T 40s—255
_5ms71
~ 15s
@a=03ms™>

TRY THIS YOURSELF
A motorbike, initially at rest, accelerates constantly at 5 m s 2 until it reaches a speed of 20 m s~ Sketch a speed
versus time graph for the period before it reaches 20 m s Clearly show the time when this final speed is reached.

speeding up or slowing down.

time interval At.

LOGIC

= |dentify the relevant information for the required area,
determine the appropriate formula and substitute the
known values.

= Calculate the correct answer.

= [dentify the correct formula to determine the
acceleration.

= Substitute the known values and calculate the correct
answer.

= |dentify the relevant data from the graph and the
appropriate formula to determine the average
acceleration over the segment, then substitute the
known values into the formula.

= Calculate the correct answer.

Acceleration is defined as the change in velocity divided by the time interval.
Acceleration in a straight line can be positive or negative, depending on whether the object is

On a speed-time graph, the average acceleration is the gradient of the line drawn covering the

The instantaneous acceleration is found as the time interval becomes small enough to be negligible.

1

2 The velocity versus time graph for the motion of a sprinter is shown in Figure 2.16.

9780170409063

For the motion of the two cars, A and B, in Figure 2.15, explain how it can be deduced that they never travel

at the same speed.

CHECK YOUR
UNDERSTANDING

V'
12
A T
£ A .
= £
é B = |, C
Y 3 4
£ (@]
[o >
i) >
[a) R 0 2 6 8
Time (s) " Time (s)
FIGURE 2.15 FIGURE 2.16 @
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@ a From the graph, find the acceleration of the athlete at the following points.
i A
ii B
iii C
b Estimate the distance travelled by the athlete in the first 4.0 s.
¢ Atwhat time is the acceleration of the athlete the greatest?
d Whatis the maximum velocity reached by the athlete?
3 Acarthatis accelerating uniformly from rest travels 22.5 m in the eighth second of its motion.
a Calculate the acceleration of the car.
b Calculate how far the car travels in the first 6.0 s.
4 A car accelerates uniformly from rest to 25 m s~ in 10s.
a Sketch the graphs for:
i displacement versus time.
ii velocity versus time.
iii acceleration versus time.
b From the velocity versus time graph, state the car’s:
i acceleration.
il speedat50s.
iii displacementat 10s.

5 Adriver travelling at 75 km h™" has a reaction time of 0.31 s. When a hazard occurs 50 m ahead, the driver
slams on the brakes and comes to a stop just a few millimetres from the hazard.
Calculate and show the following on a carefully drawn sketch graph.

how far the driver travels before the brakes are applied (m)
how far the driver travels after the brakes are applied (m)
braking time

a N T o

acceleration when braking

Equations for straight-line motion
with constant acceleration

Graphs and algebraic formulae can both be used to represent motion. They are equivalent representations
or models of motion. There is no reason why one representation of motion should be taken to be more
important than another. For motion at constant acceleration, the speed versus time graph is a straight
line. The gradient represents the acceleration and the area under the graph represents the distance
covered. From the graph, a number of simple equations can be derived. These equations represent the
same motion as the graph and are, therefore, exactly equivalent to the graphs.

So far we have observed that, for uniformly accelerated motion, a = z.

It follows then that v = ar . g

This assumes that there is no initial, non-accelerated velocity. To account for this possibility, assume
there is an initial velocity (which could still be zero). Let this initial velocity have the symbol & . The final
velocity will be the sum of this plus the uniformly accelerated portion, and we can write:
b Equationl v =i+ar

If we plot this on a velocity-time graph, the distance travelled is given by the area under the curve
(see Figure 2.17).

46 MODULE ONE » KINEMATICS 9780170409063




Speed is, by definition, the distance travelled divided by the time
interval: y = 5, which implies s=vt; that is, distance is speed multiplied

by time. On a speed-time graph, the axes are respectively v and ¢, so the
height times the base of the rectangle is v x ¢, which represents distance
for constant speed. Adding the uniformly accelerated portion, we see
there is a triangle on top of the original rectangle, with an area given by

1
— VXL
2
IV 7
By definition, g = —
the triangle is:

, which implies ¥ = dt . Therefore, the area of

~

1._ 1. 1_,
Area=—vV Xt=—atXt=—at
2 2 2

Speed 4
(ms™)
at
_ 1.0
Area = 2at
u Area = ult
Time(s)
FIGURE 2.17

The total distance travelled is the sum of the rectangle plus the triangle:

U
» Equation2 S=th+561t2

Equation 2 can be used to algebraically find distance or displacement in uniformly accelerated

situations, provided we know starting velocity, elapsed time and acceleration.

There is a third equation we can use if we do not know the time interval. By making ¢ the subject of

equation 1 and substituting into equation 2, it can be shown that:

» Equation3 ¥*=i” +2as

This allows us to relate initial and final velocities with acceleration and displacement in a manner

that is independent of time.

Each of these equations involves four variables. When solving problems algebraically, you will need to

know the values of three of the five variables: v, u, a, t or 5. The fourth can be found by simple substitution
in the appropriate equation. It is then possible to use another equation to find the fifth variable.

Graphical analysis is often simpler and more obvious than algebraic analysis. Acceleration (gradient)

Motion summary

and distance (area) can often be computed easily once a v versus ¢ graph is sketched and relevant data

points are identified.

Both methods yield the same answers because they are both models of the same motion.

WORKED EXAMPLE

A car is travelling along a straight road at 20 m s, It accelerates at a uniform 2 m s > for 10 seconds.

1 Whatis the car’s final velocity?

2 What is the total distance travelled by the car during its acceleration phase?

Identify the relevant data from the question.
Identify the appropriate formula.

Substitute the known values, with units, into the
formula.

ANSWERS LOGIC
1 4=20ms L da=2ms2%t=10s -
V=i +at -
=20ms ' +2ms?x10s 0
=40ms -

9780170409063

Calculate the answer and express with correct
significant figures and units.
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ANSWERS LOGIC

2 i=20msd=2ms%i=10s = |dentify the relevant data from the question.
1 . = |dentify the appropriate formula.
s = it +—at”
2
1 = Substitute the known values, with units, into the
=20ms x10 s+5><2 ms 2 x10* s formula.
=9200m+1ms 2x100s> = Calculate the answer and express with correct
—300m significant figures and units.
TRY THESE YOURSELF

1 A motorist driving at 80 km h™' decelerates to 60 km h™ in 5 seconds. What was the motorist’s
acceleration?

2 Alead ball is dropped 30 feet from a church tower. If the acceleration due to gravity is 9.8 m s > how
long does it take the ball to fall to the ground?

3 Abus accelerates from 40 km h™! to 80 km h™! at a rate of 2.4 m s~ How much distance did it cover
in that time?

WORKED EXAMPLE

A car initially travelling at a speed of 4.0 m s~ accelerates at 2.0 m s > for 12s.
1 Sketch the acceleration versus time graph for the car.

2 Find the velocity, v, of the car after 8.0 s.

3 Sketchthe v versus ¢ graph.
4

Find the distance moved by the car in the 8.0 s.

ANSWERS LOGIC
1 A = Correctly sketch graph and label points using the data

< provided in the question.

Iv.n

£

c

Q2

B 20

(]

K7

)

)

<

0 T T T T >
2 4 6 8 10 12
Time (s)
FIGURE 2.18
2 Change in velocity = area under the a versus ¢ graph = |dentify velocity as the area under the curve.
AV =20ms2x80 s = Calculate the car’s initial velocity.
=16 ms™
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_ - _ = (Calculate the answer.
7=40ms '+16 ms™"

—20ms! = Express the final answer with correct significant figures
—sums and units.
3 A = Correctly sketch the graph using the data provided in the
28 4 question.
24
T 20+
wv
E 161
2
g 12 1
a
> 3
4
O T T T T T T :
2 4 6 8 10 12
Time (s)
FIGURE 2.19
4 Distance = area under the v versus ¢ graph using the = |dentify distance as the area under the curve.
trapezium
1 . L = Substitute known values and correctly calculate the final
§= 5(4.0 ms +20ms" ) X 8.0s answer.
=96 m
TRY THESE YOURSELF

A train accelerates uniformly from rest to 8.0 ms ' in 25 s. It
then travels for 50 s at 8.0 m s~ before coming uniformly to a

stop in 12 s (see Figure 2.20). f;

1 What is the distance travelled by the train in the first 20 s? £ 8.0

2 What is the distance between the two stops? %

3 Whatis the acceleration of the train in: %‘
a the first 10 s of the train’s motion? § 0 75 50 75 160:
b thelast 10 s of the train's motion? Time (s)

4 Sketch the acceleration versus time graph for the motion FIGURE 2.20

of the train.

5 After what time interval had the train travelled 300 m?

Once an object is released or thrown, the only force acting upon it is the gravitational force. Gravitational
force is the force applied by one mass on another mass. Gravity is the common name given to the
force applied by Earth's rather large mass of 6.0 x 10** kg on ordinarily rather small masses on and near
Earth. Near Earth’s surface, gravity will cause a force on an object that results in that object accelerating
vertically downwards with an acceleration of 9.8 m s~ This is known as gravitational acceleration, and
is given the symbol g Although the value of g varies slightly around the world, using a value of 9.8 m s
gives sufficiently accurate answers for our purposes.
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Hammer versus feather

Why does a hammer fall faster than a feather when both are released
together? Mostly this is because air resistance has a greater effect on
lighter, fluffier objects than it does on denser, smoother objects. There
is also a buoyancy force that is more significant for lighter objects.
An experiment to show this was conducted by Apollo 15 astronaut
Commander David Scott. He dropped a hammer and a feather on the
Moon, which has no atmosphere. With no air resistance, the objects fell
at the same rate.

For our purposes, we can ignore air resistance and buoyancy effects.
The only significant acceleration for any projectile motion willbe 9.8 ms ™
vertically downwards. Graphs of the motion of an object that is dropped
FIGURE 2.21 Apollo 15 Commander David Scott are shown in Figure 2.22 for displacement, velocity and acceleration
dropped a feather and a hammer on the Moon in 1971. . . . ..

versus time. Notice that the vertical axis is for downwards values
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FIGURE 2.22 Graphs . . .
showing the motion Displacement down Velocity down Acceleration down
of a falling object A A A
Commander Dave
Scott dropping
a feather and a
hammer

Use the information in
the video to justify the
theory that different
masses fall at the
same rate e g »

Time Time Time

The gravitational acceleration value of 9.8 m s> means that anything dropped from a height will reach

aspeed of 9.8 m s~ after the first second. This is about 35 km h™", After the next second, it will be falling

with a speed of 9.8 +9.8=19.6 m s, or about 70 km h™". For every second it falls, the speed of the object

will increase by 9.8 m s~ With no air friction, a brick would be falling at 98 m s ™' 10 seconds after being

dropped. This is why we say 9.8 m s is ‘9.8 metres per second per second’. It means that the speed is
Revision changing by 9.8 metres per second every second.

Objects falling directly downwards

When analysing the motion of a falling object, we can make the origin the point at which the object
starts to move. If we let the downward direction be positive, variables s, z, v, a and ¢ will all be positive, so
thata = g = 498 ms >

Worked example 2.11 uses the same equations of motion as used previously.

WORKED EXAMPLE @

A watch falls from a Sydney Harbour Bridge climber’s wrist. The watch falls for 2.5 s before hitting a car
below.

1 Sketch a velocity versus time graph of this motion.
2 With what velocity does the watch hit the car?
3 How far did the watch fall?
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ANSWERS LOGIC

= Correctly sketch the graph using the data provided in the

1 Time -
questlon.

v

FIGURE 2.23

= |dentify the relevant data from the question and identify the

2 §i=0d=-98ms%t=25s7 =2 , .
variable required.

= |dentify the appropriate formula.
= Substitute the known values, with units, into the formula and

- -1
v=-98ms X25s calculate the answer, expressed with the correct significant

=—245ms! vertically down figures, units and direction.

= |dentify the relevant data from the question and identify the

3 4=03d=98ms%t=2585 =2 : ;
variable required.

l G2 = |dentify the appropriate formula.

_ 1 D) 5 g)? = Substitute the known values, with units, into the formula and
=0+ 5 x98ms™ x(255) calculate the answer, expressed with the correct significant

= 31 m down (correct to two significant figures) figures and units.

TRY THESE YOURSELF
A rock dropped from a cliff hits the ocean with a speed of 44.1 m s~

1 Sketch the velocity versus time graph for this motion.
2 For how long did the rock fall?
3 How high is the cliff?

Gravitational acceleration

For a falling object not affected significantly by air resistance, the value of the gravitational acceleration,

. . . Numerac
g can be found by collecting first-hand information. piled
Information and
ks communication
e . technology
To find the value of the gravitational acceleration, g capability

To investigate average and instantaneous velocities
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MATERIALS

Ruler
Ball bearing
Electronic timer or timing photogate

RISK
ASSESSMENT
The ball bearing may cause injury if thrown, dropped or stood on.  Never throw ball bearings.

Manage the use of the ball bearing carefully.
Never leave the ball bearing lying on the ground.

What other risks are associated with your investigation, and how can you manage them?

Set up the electronic timing apparatus.
Carefully measure the vertical distance, s, that the ball bearing will fall.

Using the timing apparatus, measure the time, ¢ taken for the ball bearing to fall through the known
vertical height when released from rest from the upper position.

Repeat this several times.
Change the height of the fall and repeat the procedure.
Record sufficient data to plot a graph.

Record all raw and derived data in a correctly constructed data table.
Plot the data as it is collected.
Estimate and record uncertainties in the data.

ANALYSIS OF RESULTS

Plot s versus ¢,,, showing uncertainty bars.

Draw a line of best fit.

From the line of best fit, construct a data table of data points, (ta‘,g, s). Add an extra column for (tavg)2 and a
further column for v,

Plot s versus (tavg)Q.

Draw a straight line of best fit and calculate the gradient.

Show that the equation s =ut + lat2 can be used to find the acceleration from the gradient of the s versus
(£, graph. 2

Justify the best estimate of the value of the acceleration due to gravity, g found in this experiment.

Use the least and greatest possible values of the gradient of the s versus (zgwg)2 graph to estimate the
uncertainty in the experimental value of g. (Do not use the regression equation from your calculator!)
For each (s, tavg) pair, calculate the average speed, Vag:

PlOt v, Verus s.

Draw a line of best fit.

Describe the trend you observe in the data.

From the graph, interpolate the instantaneous velocities midway between the first and second, and second
and third, data points.
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DISCUSSION

Suggest ways in which this experiment could be made more accurate.

Evaluate the reliability of this procedure by analysing the variation in the separate measurements of time
taken by the ball bearing before the average was found.

Suggest why a ball bearing was used rather than a tennis ball or other similar object.
Provide a precise value for g (best estimate with uncertainty limits).

Comment on any difficulties you had when undertaking this experiment. What changes could be made to
overcome these difficulties?

CONCLUSION

With reference to the data obtained and its analysis, write a conclusion based on the aims of this investigation.

® On a speed-time graph, the area under the line drawn covering the time interval At represents
the distance travelled during that interval.

e A graph of a versus t shows that the area under the line equals the change in speed, Av.

KEY CONCEPTS

. . .U . . L
e For uniformly accelerated motion, a = o implying v = at.
e If we include an initial velocity i, then v = i + at.
e If we know the initial velocity, acceleration and time of travel, then the distance covered is given
. 1.
by s = ut + 2at2.
e If we do not have the time interval, the relationship between initial velocity, final velocity,
acceleration and distance travelled is given by 52 = 5? + 2335.

e Graphically,
§ —
=
§ =area under the 7 versus t graph

gradient of the s versus t graph

<

a =— = gradient of the 7 versus t graph.

CHECK YOUR
UNDERSTANDING

An object is dropped from a tower 128 m high.

a Whatis the speed of the object that falls freely from rest for a distance of 128 m?
b How long does it take for the object to reach the ground?

¢ Whatis the speed of the object 2.0 s after being released?

d Whenis the speed of the object 35 m s™'?

2 Two objects, A and B, are released from a tower 125 m high. Object A is thrown downwards with an initial
speed of 15.0 m™, while object B is allowed to fall from rest at the same instant.

a Calculate the speed of each object on reaching the ground.
b What is the difference in the time taken for the two objects to reach the ground?
¢ How far apart are the two objects after 2.0 s?

3 Aparachutist is falling vertically downwards with a constant speed of 4.8 m s When 120 m above the
ground, the parachutist drops a small parcel. What is the time difference between the parcel and the
parachutist reaching the ground? (Ignore air resistance on the parcel.)

4 Pelicans tuck in their wings to fall freely when diving for fish. A fish near the surface of the water needs
0.10 s to take evasive action. A pelican 25.0 m above the water starts its dive. The fish first notices the
pelican when the pelican is 5.0 m above the water.

Does the pelican go hungry, or does it catch its prey? Use graphs and calculations to support your
answer.

9780170409063 CHAPTER 2 » MOTION IN A STRAIGHT LINE §3



@) CHAPTER SUMMARY

A frame of reference is a spatial coordinate system for
observing physical phenomena that allows for an origin.
[t enables the measurement of quantities involved in
changing position.

The centre of mass is the average (mean) position of all
matter in the system, weighted by mass.

A scalaris a number that has only magnitude (size).
Distance, d, is the actual length between two points. It has
no direction and is therefore a scalar.

A vector is a number that has both magnitude and
direction.

Displacement, s, represents a change of position with
respect to the starting point. It has both magnitude (the
distance) and direction, so it is a vector.

Movement is the change in position as time changes.

Any time interval can be shown as At, where At=t, — t;
(Unit: s).

Speed, v, relates to the distance covered in a time interval.
Velocity, v, specifically relates to the change in
displacement during a time interval.

Speed is the magnitude of the velocity. Velocity also
includes direction.

Change in distance, called the distance interval, is given the
symbol s, where s =d, — d, (Unit: m).

Spee]d is measured as distance travelled over time (Unit:

ms ).

Average speed is the one single speed that would enable
an object to cover a specified distance in a given time
interval.

Instantaneous speed is the rate at which distance is
covered over a time interval that is so brief as to be
negligible.

For constant speed, the gradient on a distance-time graph
is the same at all points. The graph is a straight line.
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The area under the curve on a speed-time graph shows
the distance travelled.

A graph of v versus t shows that the area under the line
equals s, which is the distance travelled.

Relative velocity depends on the frame of reference.
Relative velocity is given by v, — vy.
Using vector addition, the resultant vector from the point

of view of one object is with respect to the other object,
not the fixed external frame of reference.

Acceleration is defined as the change in velocity divided by
the time interval.

Acceleration in a straight line can be positive or negative,
depending on whether the object is speeding up or
slowing down.

On a speed-time graph, the average acceleration is the
gradient of the line drawn covering the time interval At.

The instantaneous acceleration is found as the time interval
becomes small enough to be negligible.

On a speed-time graph, the area under the line drawn
covering the time interval At represents the distance
travelled during that interval.

A graph of a versus t shows that the area under the line
equals the change in speed, Av.

For uniformly accelerated motion, G = =, implying v = gt.

If we include an initial velocity U, then v =0+ at.
If we know the initial velocity, acceleration and time of

. S R
travel, then the distance covered is given by § = it + —at”.

If we do not have the time interval, the relationship
between initial velocity, final velocity, acceleration and
distance travelled is given by 72 = + 245.
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Review quiz

@) CHAPTER REVIEW QUESTIONS

Write down the symbols for acceleration, initial velocity, 9 Show that the unit used for the area under a velocity

final velocity, time interval and displacement.

Describe the difference between:

a distance and displacement.

b speed and velocity.

What is the difference between instantaneous and
average:

a speed?

b velocity?

¢ acceleration?

Draw vector diagrams to show change of:

a displacement.

b velocity.

For a velocity versus time graph, what quantity is found by
calculating the:

a area under the graph?

b gradient?

Consider how the speed of an object that is dropped from
a height changes over time.

a Describe this in words.

b Describe this on a v versus t graph.

Explain the positive horizontal line for the acceleration
versus time graph shown in Figure 2.18 on page 48.

Explain why the position versus time graph in Figure 2.24
cannot be a completely true graph of an object’s actual
motion.

Displacement

FIGURE 2.24

9780170409063
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12

versus time graph is the same as the unit of displacement.

Ina 100 m sprint race, the winning time is 10.6 s.
a What was the winner’s average speed?
b Do you think that the runner’s average speed was the

same as their instantaneous speed during the race?
Explain your reasoning.

A robot takes three paces forwards and then two paces
back, taking 6.0 s for this motion. Use calculations to
explain why the robot’s average speed is not the same as
its average velocity.

Total time = 6.0s

Shutterstock.com/Early Spring

2 paces

As a blue car moving at a constant 18 m 57! passes a
stationary red car, the red car begins to move in

the same direction with a constant acceleration

of 30ms™.

a Show the motion of the two cars on a velocity versus
time graph.

From your graph in part g, find the time when the two
cars are next to each other again.

Check your answer to part b using appropriate
equations of motion.

CHAPTER 2 » MOTION IN A STRAIGHT LINE §§




A builder drops a hammer from scaffolding 25 m above
the footpath.

a How fast will the hammer be moving just before it hits
the ground?

b How long will it take the hammer to fall?

Discuss why using the ground around us is a useful
frame of reference for analysing motion, even though
we know that Earth is rotating on its axis and revolving
around the Sun.

Sketch a velocity versus time graph that shows the
motion of a car that starts from rest and reaches a
speed of 15 m s~ after the first 5.0 s of motion. It then
maintains this speed for 10 s before the brakes are
applied and the car stops in 2.0 s. Add appropriate
scales to the axes.

From a standing start, an XY Ford Falcon GTHO Phase 3

could cover a % mile (400 metres) in 14.4 seconds. What

is its acceleration, assuming it is constant?
The acceleration due to gravity on the Moon is 1.6 m s,
and the acceleration due to gravity on Earth is 9.8 m s™.

a How long would it take the following items to fall from
a 200 metre cliff on the Moon?

i ahammer
ii afeather

How long would it take the following items to fall from
a 200 metre cliff on Earth?

i ahammer
ii afeather
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18 Adiver jumps from the 10-metre platform with a vertically

upwards speed of 3.0 m's™', rising for 0.31 s before
slowing to a stop. The diver then falls back down for 0.31 s
and will be moving at 3 m s™' by the time they are back
level with the board.

a Sketch the diver's velocity versus time graph.

b Use the graph to find the:
i distance travelled by the diver for the entire dive.
ii diver’s displacement.

iii time the diver has to execute their manoeuvres
before hitting the water.

9780170409063




How is the motion of an
object that changes its
direction of movement
on a plane described?

OUTCOMES

Stu

S:

analyse vectors in one and two dimensions to:

resolve a vector into two perpendicular components

add two perpendicular vector components to obtain a single vector
represent the distance and displacement of objects moving on a horizontal plane using:

vector addition

resolution of components of vectors
describe and analyse algebraically, graphically and with vector diagrams, the ways in which the motion of
objects changes, including:

velocity

displacement

describe and analyse, using vector analysis, the relative positions and motions of one object relative to

another object on a plane

analyse the relative motion of objects in two dimensions in a variety of situations, for example:
a boat on a flowing river relative to the bank
two moving cars
an aeroplane in a crosswind relative to the ground

Physics Stage 6 Syllabus © NSW Education Standards Authority for and on behalf of the Crown in right of the State of New South Wales, 2017
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The previous chapter explored motion in a straight line.
It also introduced the idea of a vector, which is a quantity
with a magnitude (a size or length) and a direction. This
modern idea of a vector was developed independently by
Oliver Heaviside (1850-1925) and J. Willard Gibbs (1839~
1903) late in the 19th century. They also showed how to
work with vectors mathematically. Gibbs in particular
developed much of the notation we use today. Although
the use of vectors may at times seem complicated and
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difficult, their invention was an improvement over earlier
approaches. Today, vectors are used in most branches
of physics, and are common in engineering, computer
science and elsewhere.

FIGURE 3.1. A radar plot shows how far away Many quantities can be represented as vectors,

something is and the direction it is in. Vectors are where if A is a vector then A is its magnitude.
zfzoc':i‘;:escr'be quantities with magnitude and Displacement, velocity and acceleration were presented
in chapter 2. Later chapters will explore concepts
Willard Gibbs such as force (chapters 4 and 5), momentum (chapter 6), electric field (chapter 12) and magnetic field
F‘”dt ObUftWhatGOEh;f (chapter 14). All these are vector quantities. In fact, vector mathematics was first invented to deal with
contributions LIDDS
made to physics and electromagnetism. Because they are so widespread, being able to manipulate vectors is a useful skill.
mathematics
Analysing vectors in one
and two dimensions
Quite often, motion is not restricted to a single direction. If a car is driven 100 km north and then 100 km
west, it is easy to see that it has gone a total of 200 km. For one thing, the odometer will read 200 km more
Some veel than it did at the start. But how far from the starting point is it? It might be 200 km by road, but how far
background is that ‘as the crow flies’? Simple addition will not work. We need to add up the two legs of the journey

allowing for direction. The way to do that is to treat the two legs as vectors. Vectors can be added to form
new vectors, or subtracted to obtain the difference between two vectors. A single vector can be resolved
into its components.

Vectors can also be multiplied (or divided) by a scalar. In chapter 2, a velocity was calculated from
a displacement. One vector, §, was divided by a scalar, £, to obtain another vector, ¥. The vector § is the
displacement, ¢is the time over which the displacement occurred and v is the average velocity during the
displacement. The scalar, £, has units (seconds), which means that i/ has different units from s. However,
because ¢is a scalar, the division does not change the direction of the vector, so v/ is parallel to s.

It is possible to take a vector that lies in a two-dimensional plane and break it up into two perpendicular
vectors. This is called resolving the vector into components.

When a vector is to be resolved into components, it is important to think about what coordinates
should be used. If the motion is along the ground, such as the car, it may make sense to use the compass
directions (north, south, east and west). Other motions, such as a ball being thrown, may take place in a
vertical plane. In that case, the two directions would be horizontal and vertical. Perpendicular axes can
be represented on paper as an x axis whose positive arm points to the right, and a y axis whose positive
arm points up the page. This is known as the x-y-plane.
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We try to choose axes that will help us solve the problem most easily. Chapters 4 and 5 look at
objects sliding down slopes. In that case, we choose one component parallel to the slope and another
perpendicular.

In every case, the two axes are perpendicular. There are some useful tools for working with vectors at
right angles: Pythagoras’ theorem and trigonometry.

Say we have a vector, §. It can be expressed as the sum of two vectors, one pointing along x and one
along y; as shown in Figure 3.2.

§=5,+53,

The magnitudes of these vectors are related. (Remember, when we take the arrow off the top of a
vector we are talking about magnitudes.)

s, =scosB

8, = ssin 0

where sis the magnitude of § and s, and s, are the magnitudes of the component vectors. s, is sometimes
referred to as the projection of § onto the x axis; similarly for s

Figure 3.2 shows that s, is opposite the angle, so sine is used to find its length. The side s, is adjacent
to the angle, and so cosine is used. This may vary, depending on how the angles and sides are defined. In
this case, 0 is measured relative to the x axis and positive angles are anticlockwise. This is the convention
for x and y coordinates. The vector §, is a vector of length s, in the x direction. In Figure 3.2, §, points
along the positive x direction. With 8 defined as shown, the equation for s, given above will give a positive
answer.

y FIGURE 3.2 A
vector, 5, and its
components, S,
ands,.The angle is
measured from the
x axis. It is a positive
angle because it is
anticlockwise from
the x axis.

(=Y
,\<Vil

\0

It is always important to think about the signs of quantities. A vector of length —12 m in the +x
direction is the same as one of +12 m in the —x direction.
Angles will not always be defined as anticlockwise from the x axis. In situations that use the compass Vectors in two

points, angles increase as they go clockwise. An angle may be written like this: = N30°E. This means the dimensions
Watch the video to
help visual vectors

will be angles between vectors themselves. Because there is no one way to define an angle, it is important in two dimensions
to draw a diagram of the situation. A diagram can help in working out which angles are relevant, which
trigonometric functions to use, which quantities are positive and which negative.

Once you have drawn a diagram, the components of a vector can be found using trigonometry or a

angle is 30° east of north. An angle of N45°E is the same as north-east. Sometimes the important angles

careful scale drawing.

9780170409063 CHAPTER 3 » MOTION ON A PLANE §9



WORKED EXAMPLE @

An orienteer is at a position, d, which is 600 m N30°W from the origin.
Use trigonometry to find the magnitudes of the northward and westward components, dy and dy;, of the
orienteer’s position. Take 600 m as having three significant figures.

ANSWER LOGIC
N = Draw a diagram showing the position as a vector.
A
600 m
q
N 30°
W <« » E
dwy
v
S

FIGURE 3.3 The position of the orienteer,
shown on a set of compass axes

dy=dcos6 = Use your diagram to work out which angle is sine, and which is cosine.
dy =dsin 0
dy, = (600 m)cos30° = Substitute the known values with units into the equations, calculate the answers
N and state them with correct units and appropriate significant figures.
=520 m
dyy = (600 m)sin 30°
=300 m
TRY THIS YOURSELF
The orienteer now moves to a point 600 m N60°E from the origin. What are the north and east components of
their position now? What are the north and west components of their position?
y
A
The reverse of resolving a vector into components is
\C’E;t;;nents adding components to obtain a vector. Mathematically,
Change a vector's §=5,+5,. Assuming the components are
magnitude and 5 erpendicular along x and y, then the length of §, s, is
direction and see how Sx " > x p p‘ g , N gt T
the components vary. To 5 4 obtained from Pythagoras’ theorem,

cal
&l

FIGURE 3.4 Adding componentss, and s, to

obtain the resultant vector, §
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_ [.2 2
S=4/8 8,

where s, and s, are the magnitudes of the components.
However, § is a vector, so its direction must also be

found. Figure 3.4 shows the component vectors, s, and

§,,as well as §, and the angle § makes to the x axis, 6.
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From Figure 3.4 it can be seen that

s
tan® = L

S.X
So, by using Pythagoras theorem and some trigonometry, it is possible to find the length and direction

of the resultant vector.

WORKED EXAMPLE @

Figure 3.5 represents the journey of a car. The
journey begins at the bottom right-hand side of
the picture, where the tails of the black and red
arrows meet. The black arrows represent the
actual path the car took. The red represents the
resulting displacement away from the starting
point. First the car drives 125 km north (up the
page) then 125 km to the left (west).

FIGURE 3.5 A car
drives north and
then west. The two
perpendicular black
vectors combine

to give a third, the
diagonal red vector.
Conversely, it could
be said that the
black vectors are
components of the

red vector.
Find the magnitude and direction of the
resultant vector, §, in Figure 3.5.
ANSWER LOGIC
sy =125 km; sy, =125 km = |dentify the relevant data in the question.
The two paths are at 90° to each other. = Recognise that the paths are perpendicular.
S =+ ’SNZ + SWZ = Apply Pythagoras’theorem to find the distance from the origin.
= \/(125 km)2 +(125 km)2 ®  Substitute the known values with units into the equation.
=177 km = Calculate the answer. State the final answer with correct units and appropriate
significant figures.
That gives s, the length of the vector §. = |dentify the relevant data in the question.
Next, its direction must be established.
sy =125 km; sy, = 125 km
tan0 = Sw_ = |dentify the appropriate formula. In this case s,y is opposite 6, sy is adjacent.
s
N = Substitute the known values with units.
125 km
tanf=———=1
125 km = Calculate the answer. State the final answer with correct units and appropriate
0=45° significant figures.

The total (or net) result is the same as if the
car had driven 177 km north-west.

TRY THESE YOURSELF
1 Repeat the calculation, but with a northward component of 200 km.

2 Copy Figure 3.5 onto a sheet of graph paper at a scale of 1 cm = 10 km. Measure the resultant vector
with a ruler. Does it agree with the calculation? Compare the precision of the methods.
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Note that in Worked example 3.2, the hypotenuse was found in the first part of the question. It could
have been used to find the angle. By using tan, we avoided relying on a quantity that we had to calculate
ourselves. That removed one possible source of error from the angle. When working out the angle, the
units (km) cancel out. This is a useful test, because it does not make sense to put a number with units
into a trigonometric function. Lastly, a diagram is very useful when working out where the vector is
actually pointing. The maths gives a 45° angle, but the diagram shows what that means.

Displacement vectors

Critical and m

creative

thinking To investigate how displacement vectors can be decomposed into components, and to practise calculating
experimental uncertainties
Numeracy Write an appropriate inquiry question or hypothesis for this investigation.

MATERIALS

20-m tape measure

Marker pegs

Coin

2 dice

Set square

Open space, such as the school oval
|

RISK
ASSESSMENT

Excess sun exposure is dangerous. Wear a hat, and any other appropriate sun protection.

What other risks are associated with your investigation, and how can you manage them?

Place a marker peg in the starting position.

Stand at the start position and throw the dice. Take as many steps forward in a straight line as the total
shown on the dice. Take the dice with you.

Place a marker peg at your position.

Toss the coin. If it comes up heads, turn left 90°. If it comes up tails, turn right 90°. Use the set square to help
you turn through the correct angle.

Throw the dice. Take as many steps forward in a straight line as the total shown on the dice. Place a marker
peg at your final position.

The pegs should make a right-angled triangle, if you have been careful. Measure the distances (side
lengths) between the pegs.

Repeat steps 2-6, either with the same person or different people.

Record the distances measured and the number of steps each time.

Record the uncertainty in each measurement.
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ANALYSIS OF RESULTS

Draw a diagram for each set of results.

Based on the two perpendicular sides, calculate the length of the hypotenuse.
Compare the calculated length to the measured length.
The uncertainty in the calculated length can be found using the range method:

1
Ad = _Z‘(dmax - dm'\n)
where
dmax = (Xmax )2 +()/max)2 and dmin = (Xmm)z "'(ymin)2

Xmax 1S the maximum possible value of the first distance walked allowing for the measurement uncertainty,
Xy 1S the minimum possible value of the first distance walked allowing for the uncertainty. y,., and y,,,, are the
corresponding values for the second distance walked.

Was there a consistent relationship between number of steps taken and distance travelled for an
individual? What about between different people?

DISCUSSION

Did the calculated and measured values of the displacement agree, within the uncertainties? If not, can you
explain why? Was there a source of uncertainty that you did not take into account?

Give the answer to your inquiry question or state whether your hypothesis was supported.
How could you improve or extend this experiment?

CONCLUSION

With reference to the data obtained and its analysis, write a conclusion based on the aim of this investigation.

e A vector is a quantity that has both magnitude and direction.

e Vectors can be resolved into perpendicular components. These are aligned with the axes on a
sketch or the cardinal directions on a compass.
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e Trigonometry and Pythagoras’ theorem are useful tools for resolving vectors into components
and for combining components into vectors.

e If 5isavectorin a plane, it is possible to write § = 5, + 5, where s, is a vector parallel with the
xaxis and $, is a vector parallel with the y axis.
e If sis the magnitude of 5, and s, and s, are the magnitudes of 5, and 5, then s, = scos 6,

———r s
o . o J 2 2 _ )/
s, =ssing, s = [s," +5," and tan® = —.

X

e Compass directions (north, south, east and west) can be used as axes when resolving vectors.

e Vectors can be represented as arrows on scale diagrams. This is very useful in interpreting the
results of calculations.

CHECK YOUR
1 Describe the difference between a scalar and a vector. UNDERSTANDING
Identify examples of scalars and vectors.
A rider on a horse rides 28 km N25°E. Calculate the perpendicular components of the journey — one

component pointing east, and one pointing north.

4 Calculate the components of the journey in question 3, except now one component points north-east, and
one points north-west.

5 Forthejourney in question 3, sketch the two different sets of components on a single drawing.

Gayani takes a piece of chalk and a tape measure, and goes onto the outdoor basketball court. She faces
south and draws a straight line 3.5 m long. She turns east and draws another line, 4.5 m long. Calculate @
Gayani's net displacement, including direction.

9780170409063 CHAPTER 3 » MOTION ON A PLANE B3



@ 7 Two children push a shopping trolley. Marcus pulls it 4 m along the aisle. Laurence pushes it sideways by 2 m.

a On graph paper, accurately draw the two components to the same scale. Assume ‘along the aisle’
means up the page and ‘across’ means to the right. Use a ruler to obtain the magnitude, and a
protractor to determine the angle relative to the aisle.

b Calculate the net displacement of the trolley and the direction relative to the aisle. Compare with your
result from part a.

Distance and displacement in a plane

Two important quantities are distance and displacement, as described in chapter 2. Displacement
means how far the object is from where it started and in what direction. It may or may not have started
on the origin of the coordinate system.

In two dimensions, it is important to remember that displacement is a vector. The displacement, &,
is the difference between initial and final positions, c?i and c?f. Therefore, § = c7f - c?i. The path used does
not matter.

A displacement can begin anywhere, but a position is measured relative to the origin. It is an
important difference.

FIGURE 3.6 The

road distances and North 150 km
displacement (orange ort & L
dotted straight line)
between town A and
town B 130 km .
Town B
100 km
A m
. 170 km

Town A

Cars travelling from Town A to Town B in Figure 3.6 would, when they get to B, have the same
displacements (100 km in an approximately north-easterly direction). But they would have travelled
different distances. Someone who drove from A to B and back again might have driven a distance of over
300 km, but their displacement would be zero. When they were at B, their displacement was 100 km NE,
but when they got home it was zero. So, the displacement depends on when the measurement is made.

Chapter 2 introduced the idea that displacement can depend on time. The constant acceleration

1
kinematics equations, such as s = ut + Eatz, allow calculation of the magnitude of the displacement, s,

as a function of time. This chapter examines displacements in a two-dimensional plane. We have to be
aware of their vector nature as well as their time dependence.
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In section 3.1, two components were combined to make a single vector. It is a logical extension of that to
put two vectors together to make a third one. In fact, the components of a vector are vectors themselves.
They are just vectors that point along a convenient set of perpendicular axes. When adding the vectors
together, we are effectively putting them head-to-tail and seeing where they point to. When using a
graphical method like this, it is important that all the vectors are drawn to the same scale and the angles
are correct.

=1

N
+
=

Resultant (R)

. FIGURE 3.7 aVector A and vector B are to be added. b Vector B is moved so that its tail is made to connect with the head of vector A. ¢ The resultant
vector, R, is found as the arrow running from the tail of A to the head of B.

Figure 3.7 shows the process of adding two vectors to find the resultant vector. The same idea works
for any number of vectors. If all vectors to be summed are drawn head-to-tail, then the resultant is found
by drawing an arrow from the tail of the first vector to the tip of the last. The result of vector addition
does not depend on whether B is added to 4, or A to B. This is known as the parallelogram rule, and is
illustrated in Figure 3.8.

Subtracting vectors can be thought of as adding the negative of one vector to another, because
A—B=A+(—B). This is illustrated in Figure 3.9 (page 66). The negative of a vector is obtained by
swapping the head and the tail. The parallelogram rule still works, as long as the negative of the second
vector is taken before the construction is drawn. In mathematical terms,

A-B=A+(-B)=(-B)+ 4
but

A-B#-A+B

;N
+
ol

N
N

Resultant (B)

ol

FIGURE 3.8 aVector A and vector B are to be added. b Vector B is moved so that its tail is made to contact the tail of vector A, and a copy is put on the
head of A. A copy of vector Ais added so that it connects the heads of the copies of vector B (these copies are shown by the dashed orange lines). This
draws a parallelogram. € The resultant vector, R, is the diagonal of the parallelogram. It runs from the tails of the two vectors to the opposite corner.
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FIGURE 3.9 aVector
B is to be subtracted
from vector A.

b Vector B is changed
to'—B’by flipping the
arrow to point in the
opposite direction.
cVector Ais then
added to vector —B
using the head-to-tail
method.

N

- A + —B
- B

Vector subtraction is very useful. Velocity is the change in displacement divided by the change in
time. Displacement is a vector, so the change in displacement is the difference between two vectors. We
obtain it by subtracting the initial displacement from the final displacement. If we divide that by the time,
we get the average velocity for the journey.

The previous section demonstrated vector addition and subtraction using diagrams. Here, a more
mathematical approach is described.
The graph paper First, each vector is resolved into its components. The same set of axes must be used for both vectors.
game The parallel components can then be added. This gives the components of the resultant vector. These
can be combined to obtain the final vector. Similar to the discussion of Figure 3.2, we might say that if §
is the vector sum of §; and s,, then

§=5+5,
where each of the three vectors can be resolved into x and y components:
§=5,+53,
§ =8, + gl,y
8§y =8, t8,
The x and y terms can be collected to make two equations,
Sy =8, +8 ands, =5 , +5,,
and these can be combined to give the final vector:
§=(8, +8 )+ (§1,y + §2J)
This process would work equally well when adding more than two vectors.
Pythagoras’ theorem can be used to obtain the magnitude, s, of s:

2 2
s= \/(sl,x +8y )+ (Sl,y + SQ’},)

and trigonometry gives the direction, since §, §, and s, make aright-angled triangle. The process is best
illustrated with an example. In Worked example 3.3, it may help to think of east as the x component and
north as the y component.
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WORKED EXAMPLE @

A number of orienteers run two legs of a course. First, they run 600 m S30°E, back to the origin. This first
displacement can be referred to as ). Then they run 400 m N60°E. That is §,. Their final position is at the

tip of 5,.

What is their final displacement, § , relative to where they started? Take 400 m and 600 m as having three
significant figures. Note that the runner is ot starting on the origin.

ANSWER LOGIC

N = Draw a diagram using the information in the question.

A

s = Resolve vectors into components, add them, and determine the resultant.
East
0
N SNorth
§ )
1 0, -
S

W < : > E

v

S

FIGURE 3.10
§,= 600 m S30°E = |dentify relevant data in the question.
8, =400 m N60°E
§ =resultant
§,=600m; 6, =30°
8, =400 m; 0, =60°
East is positive horizontal; north is = Define coordinates.
positive vertical
§=5+8, = Write an expression for the total displacement.
Sypast = 81 500, = Write the expressions for the east-west components (magnitudes).
Sypast = 8o 8In06,
SiNorth = §1 €080, = Write the expressions for the north-south components (magnitudes).
SyNorth = ~85 €086,
Sipast = (600 m)sin30° =300 m E = Substitute the known values with units (written as vectors, with units and

directions included).
§ypas = (400 m)sin 60° = 346 m E irections included)

(
(
Sixorth = (—600 m)cos30° = —520 m N
Synort = (400 m)cos60° = 200 m N
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ANSWER

§East = §1East + §2East
=300 mE+346 mE
=646 mE

§N0rth = §1North + §2North
=-520mN+200 m N

=-320mN

2 2
§= (sNorth) +(SEast)

s =+/(=320)* +(646)> =721 m

SEast
tanf=—20M _ 495
m
0 =-26°
§ =721 m E26°S
=721 m S64°F.

TRY THESE YOURSELF

LOGIC

Add components. Remember that north and south are negative of each other.

We can see from the vector resolution of s, that the runner’s final position
(compared to the origin) is 346 m E, 200 m N. Relative to where they started, their
final position is 646 m E, 320 m S. A pair of components like that is a valid way

of expressing the answer. The direction is implicit in the relative lengths of the
components. However, the more standard form is to give a direction and a length.

Apply Pythagoras’ theorem to the magnitudes to find the net length.
Substitute the known values with units and calculate the answer.
Write the relationship between the angle and the distances.
Substitute the known values with units.

Calculate the answer.

State the final answer with correct units and significant figures.

1 Ifthe orienteer is to have the maximum possible displacement, at what angle should the second leg
of their run be if we keep the length fixed but let the angle vary?

2 Ifthe orienteer runs at the angles in the example above, but both legs have a length of 600 m, what is
their final displacement from their starting position?

Adding vectors
Adding vectors
Explore how the m
resultant of adding

bwo vectors changes To investigate the addition of more than two vectors
3as you change the

vectors Write an inquiry question for this investigation.
MATERIALS
Critical and
creative Computer with internet access
thinking

Numeracy Open the weblink Vector addition simulator’

Add three vectors (not necessarily of the same length) to the simulation to create a resultant vector of
L%ﬁ%”j;:?;tégd length 20 at an angle of 30°. There are many possible ways of doing this — compare your method with

technology other people’s. Sketch your own arrangement, and at least two others.
capability
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Clear the simulation. Select three vectors of the same length, L. Arrange them to give the resultant vector of
maximum possible length. What is this maximum possible length in terms of I? Now arrange the vectors to

give the minimum possible length. What is this length? Sketch a vector diagram for each arrangement. v w
ector addition
Clear the simulation. Select three vectors of different lengths. Arrange them to give the resultant vector of simulator

maximum possible length. Now arrange the vectors to give the minimum possible length. Sketch a vector This simulation of

i vector additions will
diagram for each arrangement. be used for your

Clear the simulation and add three vectors of equal length to create a resultant of length 0. Sketch a vector investigation.
diagram for your arrangement. Can you find more than one way of getting a resultant of zero?

Repeat step 4 with four, five, six and seven vectors of equal length. Sketch a vector diagram for each case,
and note whether there is more than one way of making a resultant of zero length.

RESULTS AND ANALYSIS

Record your vector diagrams with the length of the resultant in each case.

DISCUSSION

Describe a general method for adding vectors to give the resultant vector of maximum and minimum
possible lengths.

Describe a general method for adding vectors to give a resultant vector of zero.

CONCLUSION

Summarise your results and answer your inquiry question for this investigation.

e Displacement, §,represents a change of position (7) with respect to the starting point, which
may or may not be the origin. It has both magnitude (the distance) and direction, so it is a
vector.

KEY CONCEPTS

e The displacement is the difference between the final and initial positions, § = d} —d..

e We can add displacements by resolving them into components and adding the components:
§ = (§1,X + §2,X) + (§1,y + §2,y)

e We can add displacements graphically by drawing vectors head-to-tail. Subtraction is
performed by reversing the second vector, and then adding them. A - B = A +(-B) = (-B) + A

e We can work using compass directions, x and y coordinates, or any other sensible set of axes.

CHECK YOUR
1 a On paper (preferably graph paper), construct the vector triangles needed to add the pairs of vectors UNDERSTANDING

shown in Figure 3.11. Label the resultant R in each case. @

o o
A ~
- A L

o 1 (d]
B
i s /

FIGURE 3.11 Pairs of vectors to be graphically added and subtracted @
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@ b Repeat part a, but this time subtract the second vector from the first in each pair. Again, label the
resultant in each case.

2 On the screen of a GPS map, each grid square is 10 km wide (east-west) and 10 km tall (north—south). Rosa
follows a road north for seven grid squares and west for four grid squares.

a Calculate Rosa's displacement.
Rosa now drives north-west for 50 km.

b Calculate Rosa’s total displacement.

3 When going from one to two dimensions, describe what extra factors need to be considered when
working with positions, distances and displacements.

4 Describe the axes of a coordinate system (perpendicular axes) that would be suitable for analysing the
motion of a bowling ball along a lane.

5 Aboat is tacking into a wind that is blowing from north to south. First, the boat sails for 5.2 km N40°E. Then
it sails 4.8 ken N45°W. Calculate the boat’s displacement.

6 Atriathlete swims 5.5 km due south, runs 25.0 km S30°E, and cycles 30 km N25°W.
a Find the distance they have run after 1, 2 and 3 legs of the triathlon.
b Calculate their displacement after 1, 2 and 3 legs of the triathlon.
¢ Ifthe triathlete took a total of 2 hours, calculate their average speed and average velocity.

Describing motion using vectors

In chapter 2, we saw that the velocity vector is found by dividing the displacement vector by the time over
which the displacement occurred. This remains true when the motion is in a two-dimensional plane.

y When an object moves, at any moment it is going in a particular
direction with a particular speed. To describe the motion, we need to
specify the magnitude (size) of the speed and its direction. For example,
a car may be going south at 60 km h™" but the car might be speeding
up (accelerating) or slowing down. Just like the displacement, the

<

velocity, 7, sometimes changes with time. When it does so, there is

0 an acceleration.
Just like displacement, a velocity vector can be resolved into
components. It may have a component along x and a component

K<<l

along y, or a component to the east and one to the north. If a car

A

is heading north-west at a speed of 60kmh™’, it has a velocity
component to the north and one to the west. Trigonometry can be
used to resolve a velocity into components. Components can be
combined to obtain a resultant velocity.

Figure 3.12 shows a velocity vector, , and its components (in this
case along the x and y directions). In vector notation, we write

V=V, +V,

M where the magnitudes are related by Pythagoras’ theorem:

FIGURE 3.12 Using trigonometry, velocities can be resolved 2 2
into components along perpendicular axes. X y
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As previously for displacements, the angle is obtained from trigonometry:
v

tan@ = =
Vy Velocity
. . . . ¢ components
When drawing displacement vectors on graph paper, it is necessary to specify a scale, such as ‘1 cm Watch how
represents 100 m. Velocities can be illustrated in exactly the same way. The difference is the scale might E%Okﬁe‘ge‘; o
now read ‘1 cm represents 100 m s . As long as the units are correct, all the results pertaining to vectors components

still apply. Because the units are different, velocities and displacements cannot be added together.

Adding velocities
. . . o . . heel
It is possible to think of a situation where a motion has two perpendicular components; for example, e
people moving around on a train or bus. The net (total) velocity of a passenger is the vector sum of the

passenger’s movement within the vehicle and the movement of the vehicle itself.

WORKED EXAMPLE

Mario is on a train that is going east along a straight track at 60.0 km h™". The train is nearly empty. He
decides to change seats, from a left window to a right window. He moves from one side of the carriage to
the other in 1.0 s. The carriage is 3.0 m wide. What is Marios net velocity while he is moving?

600kmh~! N

=& ﬁ[ﬂ@[ﬂ[ﬂ[ﬂ[ﬂﬂ]ﬂ]m —

— [I0000onsng

FIGURE 3.13 The train carriage is moving east at 60.0 km h™" and Mario is walking across the carriage at 3.0 m s '. What is
Mario’s total velocity relative to the train tracks? Arrows show directions of velocities, but not magnitudes.

=+
| |
x|
=T

30ms™! E

ANSWERS LOGIC

— — -1 f f 7 f f=lt e f
Vgast = Vrvain = 60.0 km h™ east = |dentify relevant data and define variables. Vo toain 1S Mario’s velocity relative to
., his seat.
Vsouth = VMario to train — 30ms™ south

G =V 4V = Write the relationship between the net velocity and the components.
Mario, total East South

1000 m k™" = Convert to Sl units.

Vi = 60.0 kmh™ x TS

Vpast = 167 m s

v _Jo )2 T )2 = Recognise that the velocities are'perpendicular, so we can apply Pythagoras’
Mario, total East South theorem to obtain the net magnitude.

= \/(16.7 ms™)?+(30ms™)> " Substitute the known values with units.

—170ms"! = Calculate the answer.
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ANSWERS LOGIC

-1 = Find the expression for the angle. Substitute the known values with units.
Vsouth _ 20 ms

tan0 = Ve 167 m = =0.18 = Since Vsouin ( Viario to train ) Was the ‘opposite’side of the triangle we used to obtain
“ the angle, 6 is measured away from the direction of the train (east).
0=10.2° = Calculate the answer.
Prtario ol = 17.0 m s E10°S = State the final answer with correct units and appropriate significant figures.
=7.0ms"" S80°E

TRY THIS YOURSELF
Mario now runs back to his original seat at a speed of 6 m s '. What is his net velocity as he does this?
Give the magnitude and direction.

When two velocities are perpendicular, one can be equated with 7, and the other with V. This
allows the total to be found from Pythagoras’ theorem. When they are not perpendicular (the more
general case), we resolve the vectors and add the components. This adds steps to the calculation. If 7 is
the vector sum of ¥, and ¥, , then

V=1 +1,
where the velocities can be resolved into their components:
V=V, +Vand v, =V, 7,
V can also be resolved into its components:

V=V, +V,

We then collect the x components into one equation and the y into another:
Ve =V, tVyandv, =V, +7,,

Pythagoras’ theorem can be used to obtain the magnitude, v, of V :

y= \/(VLX +vy, )+ (v, +vy,)

By definition, v, v, and v, make a right-angled triangle. That means trigonometry can be used to
obtain the direction of v.

With that in mind, what if Mario from Worked example 3.4 is still fidgeting about on the train, and has
seen a seat somewhere in front of him that he likes? See Worked example 3.5.

WORKED EXAMPLE @

Continuing on from Worked example 3.4, Mario moves from the left to the right of the train carriage, but
also moves two seats forward. He moves a total of 3.6 m in 1.0 s, in a direction 56° south of east, relative
to the carriage (see Figure 3.14). What was Marios resultant velocity relative to the tracks while he was
moving? Give the magnitude and direction. The train is still moving at 60.0 km h™".
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60.0 krn h~ N

i

I 11

I

E[ﬂ[ﬂ[ﬂ[ﬂ[ﬂﬂ]ﬂ]ﬂ{ih EE]J
000000ooos

36ms™]

167ms™!

VMario, total

v

FIGURE 3.14 a A schematic diagram of the situation. The vectors are not to scale, but it shows how Mario is moving in

the carriage. b A vector diagram with vectors to scale. It illustrates the train’s velocity relative to the tracks (16.7 m's ' to
the east) and Mario’s velocity relative to the train (3.6 m s 56° south of east).

ANSWER

Vigain = 167 m s to the east

=3.6ms ' 56° south of east

VMario on train

VMario, total = VTrain + VMario to train
VMario total = VEast + VSouth
VEast = 1/Trzu'n, east + VMario to train, east

VSouth = VTrain, south + VMario to train, south

VMario to train, east = ( VMario to train )COS e

)sine

VMario to train, south = (VMario to train

VTrain, east = VTrain

0

VTrain, south —

Vst =167 m s +36 ms ™ cos 56°
=187 ms ' east
Vgouth = 0 M s14+3.6 ms ' sin 56°

=30 ms ! south

2 2
VMario, total — V (VEust ) + (VSUuth )

= \/(18.7 ms ' east)” +(3.0 ms™' south)’

=189 ms™!

-1
Vsouth _ 30ms

tan0 = ;

—=0.16
Vpast 187 ms

0=9.1°

Vntario.total = 189 ms™ S81°E

LOGIC

= [dentify the relevant data in the question.

Define variables, and use them in the vector equations.

Write an appropriate equation for each component. (We are now
working with magnitudes.)

Break Vytario to train UP iNtO its components.

Break Vi, UP into its components. (It is going east, so the other
component is zero.)

Substitute the known values with units into the equations for each
component and calculate the answers.

Apply Pythagoras’ theorem to find the magnitude of the total velocity.

Substitute the known values and calculate the answer.

Find the expression for the angle. Substitute the known values with
units.

Calculate the answer.

State the final answer with correct units and appropriate significant
figures.
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TRY THIS YOURSELF

What if Mario went across the carriage, but two seats backwards instead? Without doing any maths,
would you expect Vyy, i, 101 t0 become bigger or smaller, or stay the same? What about vy, on train, east
and Vyg,io on train, south?. What about 6?

We have looked at adding velocity vectors to obtain the resultant velocity. The change in a vector is found
How fast are you

moving now? by subtracting ‘before from ‘after’ (or ‘initial’ from ‘final’). The change in velocity of a body may be referred
Earth is spinning and to as AV (delta-vee). It is worked out by subtracting the initial velocity from the final:

going around the Sun

Find out just how fast AV = Vf - 171

you're really moving

If AV is then divided by the time taken for the change in velocity, the result is the average acceleration.
This can be positive or negative, and since it is a vector subtraction, it need not be in the direction of the
initial or final velocity. The magnitude of AV is written as Av.

We will look at two kinds of velocity subtraction. The first is the case of a single object before and after
some event (see Worked example 3.6). The second looks at two bodies moving relative to each other (see
the next section).

WORKED EXAMPLE

A tennis ball strikes the wall at an angle of 30° to the wall, with a velocity of 6.0 m s ', and bounces off at
the same speed and angle. Determine the change in the velocity of this tennis ball.
ANSWER LOGIC

= Draw a diagram based on the information given in
the question.

= The first step is to take the negative of the initial
vector (v;) and then add it to the final, V¢, and draw
in the resultant, Av. This is shown in Figure 3.15.
The angles are marked in carefully. We can see
from the drawing that the components of —v; and
V; that are parallel to the wall will cancel out. This
is because the vectors have the same magnitude
and the angles have the same magnitudes. The
components of —V; and V; perpendicular to the
wall are the same.

FIGURE 3.15 A ball bouncing off a wall. The red arrow

AV
gives the change in velocity, Av. Half that length is —, as
shown in green. 2

AV =V +(-7,) = Write the vector equation for subtraction.

= |dentify a right-angled triangle and use

Av o
o vy $in 30 trigonometry to relate the magnitudes.

v 1o o 1 = Substitute the known values with units and
o 60ms "sin30°=3.0ms calculate the answer
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ANSWER LOGIC

Av=60ms" = State the final answer with correct units and
’ appropriate significant figures.

Since the component of velocity parallel to the wall does not

change, the change in velocity is 6.0 m s™' perpendicular to the wall

and away from the wall.

TRY THIS YOURSELF
This time, imagine the ball is a bit squishy. When bounced off the wall, the ball came off with half the
speed but in the same direction. What is AV in this case?

In Worked example 3.6, the initial and final velocities were different in direction but the same in
magnitude. In other worlds, the ball’s speed did not change, but its velocity did.
If the time for the ball to collide with the wall and bounce off is known, the acceleration could be

AV
determined from ¢ = —.
t

Measuring velocity vectors and components e
thinking
In this experiment, you will roll a ball at various speeds to derive a relationship between the components of

the velocity, the total velocity, and the angle at which the ball is rolled. Numeracy

m Information and

Write a hypothesis for this investigation. gommunication

technology capability
'MATERIALS

Tape measure Stopwatch
Chalk Ball
Large protractor Basketball court or tennis court
!
RISK
ASSESSMENT
Excess sun exposure is dangerous. Wear a hat, and any other appropriate sun protection.

What other risks are associated with your investigation, and how can you manage them?

Measure the width and length of the court - these are d, and d,. Use the chalk and protractor to measure
the angle between the long side and the diagonal.

One person stays at a corner of the court with a ball. A second person stands at the opposite corner from
them with the stopwatch, and measures times. The experimental arrangement is shown in Figure 3.16.
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The first person slowly rolls the ball to the second
person. The second person measures the time taken for
the ball to reach them.

Repeat step 3 at least 10 times, rolling the ball a bit faster
each time.

RESULTS 4

Record the distances d, and d,.

Record your time measurements in a table similar to the
one shown.

TRIAL | TIME (S) v ms™) | v(ms™) d,
e || &

ANALYSIS OF RESULTS d,

Complete the table by:

| ii

A
v

FIGURE 3.16 Experimental arrangement
showing distances to be measured
calculating v, for each time using v, =

calculating v, for each time using v, =

: - ; [, 2,2
calculating vy, for each time using v, = \Jv,” +v,°.

Use a spreadsheet to plot a graph of v, vs v, Display a line of best fit and the equation for the line on your
graph. Record the gradient.

- |\<Q‘ - |><Q“

Use a spreadsheet to plot a graph of v, vs v,.,;. Display a line of best fit and the equation for the line on your
graph. Record the gradient.

DISCUSSION

Did your calculated gradient agree with what you would expect from your measurements of the court? If
not, can you explain why?

State whether your hypothesis was supported.

How could you improve or extend this experiment?

CONCLUSION

Summarise your results and write a statement of whether your hypothesis was supported or disproved by your
results.

e Velocities are vectors. Speeds are scalar.

e A velocity, U, can be resolved into perpendicular components, v = U, +U,.

e If vis the magnitude of v, and v, and v, are the magnitudes of v, and v, then v, =vcos®,

KEY CONCEPTS

s v
[v2 +v2 and tane = L.

=Using, v = Y

Uy

!
X

e We can add and subtract velocities by resolving them into components.

e As with displacements, we can add velocities graphically by drawing vectors head-to-tail.

e Change in velocity, Av, is found by subtraction of initial velocity from final velocity.
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Describe the difference between speed and velocity.

2 An aeroplane has a velocity of 500 km h™ S50°E. Calculate the velocity’s components to the north, east,
west and south. A sketch may be useful.

3 A passenger on the aeroplane in question 2 takes 6.0 s to run 40 m along the aisle towards the tail of the
plane. Calculate the average velocity of the passenger during their run.

4 Arider on a horse takes an hour to ride 28 km N25°E.
a Calculate their average speed.
b Write down their average velocity.
¢ Calculate the northward and eastward components of their velocity.

5 A child throws a ball of plasticine horizontally at a vertical wall. Initially, it is travelling at 10 m s at an angle
of 35° to the wall. It does not bounce very well, so when it comes off the wall it is travelling at 3.0 m s,
again at 35° to the wall.

a Suggest the coordinate system you might use to tackle this problem. Draw a sketch, noting labels and
quantities. Also draw a vector diagram.

b Whatis the change in velocity, AV, of the ball of plasticine?
¢ Ifthe plasticine hit the wall and stopped (i.e. stuck to it), what would AV be then?

CHECK YOUR
UNDERSTANDING

Relative motion in a plane

The relative position of an object depends on the position of the observer. If an object is at position d,
and an observer is at d, , then

§1 relative to 2 dl - d2

For example, if a dog is at d;, 3 m from a wall, and a cat is at d,, 6 m from the wall in the same
direction, then the dog is (3 — 6) = —3 m from the cat. The minus sign comes in because the distance
away from the wall is positive. From the cat’s point of view, the dog is towards the wall, which is the
negative direction.

5, relative 1o o 18 @150 the displacement that needs to be applied to the cat at d, to bringitto d,. Thisisa
one-dimensional example. We have already looked at subtraction of displacement vectors ( for example,
Worked example 3.3), and this is another application. Sometimes, §; rgjative o 2 May be written as §;, or

%,2, but this notation does not make it very clear what is relative to what. It is generally preferable to be
as clear as possible, even if it means using more words.

The relative motion of an object depends on the motion of the observer. It might be said that it
depends on what the object’s velocity is being measured against. In Worked example 3.4, when Mario
was sitting down, his velocity relative to the carriage was zero. Relative to the tracks, his velocity was
60 km h™". A passenger in the same carriage (the ‘carriage frame of reference’) saw Mario as stationary. A
passenger standing beside the tracks (‘track frame of reference’) would see Mario moving. When Mario
changed seats, the passenger in the carriage saw his movement relative to the carriage - they saw only
one aspect of his motion.

In Figure 3.17 (page 78), car A is moving 2 m s~ faster than car B. To an observer standing still on the
roadside (looking into the page), both cars are moving to the right. If the observer was seated in car B, still
looking into the page, car A would seem to be moving to the right at 2 m s Car B would be stationary
relative to the observer. If the observer was a passenger in car A, car B would seem to be moving to the
left. This shows that the situation looks different for different frames of reference. The cars are in motion
relative to each other and relative to the road. They have positions, velocities and accelerations relative
to each other and relative to the road. For now, we are looking at velocities.
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FIGURE 3.17 Two
cars with different
velocities relative to
the road, but in the
same direction

CarA

v=4ms—

v

v=2ms"!

CarB

For this one-dimensional example,

V] relativeto 2 = V1 ~ Va2
where V] L.ive 1o 2 1S the velocity of object 1 relative to object 2. In this case, v, is the velocity of object 1
relative to the ground, and v, is that of object 2 relative to the ground. In the more general case, when

the velocities are not parallel,

Vlrelativeto2 = V1 — V2

Chaa”ngder';avﬁizuty where the velocities are now vectors. The vectors could be parallel, perpendicular or somewhere in
motion between.

WORKED EXAMPLE @

Aditya (A) and Belinda (B) are riding motorbikes. Aditya is riding north at 15 m s . Belinda is riding east
at 20 m s, as shown in Figure 3.18. What is Aditya’s velocity relative to Belinda? Take north as positive y
and east as positive x.

FIGURE 3.18 Vector
diagram for Belinda’s
and Aditya’s relative
velocities. The
horizontal vector has
been reversed for
subtraction.

VA relative to B

15ms™' (7,)

A

20m s~ (=)

ANSWER LOGIC

vy =15m s north = |dentify relevant data from the question.

vy =20ms " east

v =7 7 = |dentify the appropriate vector equation.
VarelativetoB — VA — VB fy pprop q

78 MODULE ONE » KINEMATICS 9780170409063



ANSWER LOGIC

¥ a relative toB = Va + (_173) = Subtract by adding the negative.
” _ (V )z . (_V )z = Velocities are perpendicular, so apply Pythagoras’theorem to find the
ArelativetoB ™ Y17A B magnitude of the resultant.
-1)2 -1\? . . .
= (15 ms ) +(—20 ms ) » Substitute the known values with units and calculate the answer.
=25ms™
v . .
tan0 = YA = Use trigonometry to determine the angle.
Vg
15ms™ i i i
tanf = ———= 075 = Substitute the known values with units.
20ms
= Calculate the answer.
0=37°

¥ p relativetop = 25 M s N53°W = State the final answer with correct units and appropriate significant figures.

TRY THIS YOURSELF
What is Belinda’s velocity relative to Aditya? Is there a really quick way of working this out from your
first answer?

In Worked example 3.7, the velocity of one motorbike relative to another was calculated. It may be
desirable to work the other way around. If a particular relative velocity is required, what components
need to go into it? This is a common situation. An aeroplane travels through the air, which is moving. But
what is important to the passengers is its speed relative to the ground. Similarly, a swimmer or a boat
moves through flowing water, but ultimately it is their movement relative to the land that is important.

WORKED EXAMPLE

Imagine a boat (B) on a river. The river flows from south to north at 0.400 m s ! (relative to the shore).
What must the boat’s velocity be relative to the water (W) if it is to go due west at 2.00 m s™" relative to
the shore?

ANSWER LOGIC

vg =200 m s west = |dentify the relevant data from the question.

vy = 0400 ms ™' north

= Draw the vector diagram based on the relevant
200ms™! information.

A

0400m s~ -
VB relative to W

FIGURE 3.19 Vector diagram for the boat crossing the river. The boat must
have a velocity component to the south of 0.400 m s™*. The remaining velocity
component must be westerly at 2.00 ms .
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ANSWER
VBrelativetow = VB ~ Vw

VB relativetow — VB T (_VW )

2 2
Vp relativetow = (V)™ +(=Vw)

= J(200ms™)* + (0400 ms ')

LOGIC

= |dentify the appropriate vector equation.

= Subtract by adding the negative.

= \elocities are perpendicular, so apply
Pythagoras’theorem to find the magnitude of
the resultant.

»  Substitute the known values with units and

=204ms™ calculate answer.
tang = 2W = Use trigonometry to determine the angle.
Vp
-1
tan® = 0400ms  _ 02 = Substitute the known values with units.
200ms™
0=11.3° = Calculate the answer.

= State the final answer with correct units and

_ -1 o
VBrelativetow = 204 ms — 879°W appropriate significant figures.

So the boat has to aim at an angle of 11° south of west to end up
travelling perpendicularly across.

TRY THESE YOURSELF
1 As the river flows faster, what happens to the magnitude and angle of Vj cjative tow ?

2 Calculate the velocity of the boat relative to the water to still go due west at 2.00 m s~ if the water

flows at .00 m s %,

The example of an aeroplane in a crosswind may be treated much like the boat in Worked example 3.8.
However, in real life, the aeroplane will not be dragged sideways at the same speed as the crosswind, but
at some lesser velocity. When it comes to aeroplanes, the assumption that the air and the plane have the
same crosswise velocity is an approximation.

Worked examples 3.7 and 3.8 both look at velocities that are perpendicular. This may not always
be so. The vector equation V; .gaiveto 2 = V1 — V5 Still works if the velocities are not perpendicular, but
it is necessary to resolve the vectors into components. Worked example 3.9 brings together vector
subtraction, resolving vectors into components, and the Red Baron.

WORKED EXAMPLE

The Red Baron (R) is flying at 100 km h™' $35°W. He spots a Sopwith Camel (S). It is at the same height,
but flying at 120 km h™' N72°E. What is the velocity of the Sopwith relative to the Red Baron’s Fokker
triplane?

ANSWERS LOGIC

= |dentify the relevant data; remember one vector has to be

— -1 o
vg =100 kmh = S35°W reversed when drawing the diagram.

vs =120 kmh™ N72°E
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ANSWERS

- VR, north

VS relative to R — Vg

T VR east

Vs Vs, north
VS, east

FIGURE 3.20 Vector diagram for the relative velocities,
Vs, Vg and Vs jative to r- NOte that ¥z has been reversed to do the
subtraction.

VS relativetoR — Vs VR = Vs T (_VR)

l/S, east — VS S eS
Vs, north = Vg COS eS
VR, east = VR SIN eR

VR north = Vi €08 Oy

VS relative to R, east = VS, east + (_VR, east )

VS relative to R, north — VS, north + (_VR, north )

VS relative to R, east = VS s eS + VR Sin eR

VS relative to R, north = VS Ccos 65 + VR cos eR

=120 km h™'sin 72° + 100 km h ' sin 35°
=1715kmh™
Vs relative to R north = 120 kmh™ cos 72°+100 km h™" cos 35°
=119.0 kmh™

VS relative to R, east

VS relativetoR — \/(1715 km h_l )2 + (1190 km h_l )2

-1
VS relativetoR = 209 kmh

VS relative to R, east

tan0 =
VS relative to R, north
1715 kmh™
S —— 1.44
119.0 km h
0=55.2°

LOGIC

Draw a labelled diagram, showing angles and vector lengths.

Identify the appropriate vector equation.

Write an expression for each component. Note that signs are
important.

Write the expressions for the vector components of the
solution.

From these derive expressions for the scalar components of the
solution.

Substitute the known values with units and calculate the
answers.

Apply Pythagoras’' theorem to find the net magnitude.

Calculate the answer.

Use trigonometry to determine the angle.

Substitute the known values with units.

Calculate the answer.
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ANSWERS LOGIC

T etative o = 209 km h~! N55°F . ?itga;?ﬁtgiit’lgzluizzfver with correct units and appropriate
Relative to the Red Baron the Sopwith is moving at

209 km h™" and appears to be travelling in a direction 55°

east of north. Because the angles were measured from

north, cosine is used to obtain the northerly components.

TRY THIS YOURSELF

If we let the Sopwith's direction (but not the speed) vary, what is the maximum possible magnitude of
Vg relative to k¢ What is the minimum? Thinking about aspects such as these can help you to check your
mathematical answers.

The relative position of an object depends on the position of the observer.

The displacement of object 1 relative to object 2 is found from subtraction of position
VeCtors, 4 relativeto 2 = %1 — do-

Relative velocities
Watch these

animations and work
through the examples.

KEY CONCEPTS

The relative motion of an object depends on the motion of the observer.

The velocity of object 1 relative to object 2 is found from subtraction of velocity
vectors, 171 relativeto 2 = 171 - 172.

CHECK YOUR
UNDERSTANDING

1 Describe what is meant by ‘frame of reference’

2 Anantisonachessboard. Itis in the centre of the fourth square up in the third column from the left.
A beetle is in the centre of the second square up in the seventh column from the left. Calculate the
displacement of the beetle relative to the ant, in units of squares. (Hint: drawing a diagram may be useful.)

3 A passenger on a bus walks from the back to the front. It takes them 2.0 s to walk 10 m. The bus is moving
south at 30 km h™ relative to the road.

a Calculate the passenger’s velocity:
i relative to the bus.
i relative to the road.
b Whatis the bus's velocity relative to the passenger?

4 A spideris near the top of a vertical water spout. If rain is washing down the spout at 2.0 m s relative to
the spout, and the spider is climbing up at 5.0 cm s ' relative to the water, what is the spider’s velocity
relative to the spout? How long will it take for the spider to get washed out if it is 2.2 m above the bottom
of the spout?

5 An aeroplane is flying north at 200 km h™" relative to the ground. There is a crosswind blowing from west to
east at 55 km h™' relative to the ground.

a Calculate the velocity of the aeroplane relative to the wind. Include a sketch in your working.
The wind now swings around and blows towards the north-east at 55 km h™* relative to the ground.

b Calculate the velocity of the aeroplane relative to the wind, assuming its velocity remains unchanged.
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CHAPTER SUMMARY

Motion can occur in one, two or three dimensions.

When motion occurs in more than one dimension, it is
useful to express displacements and velocities as vectors.

Vectors can be represented as arrows, where the length of
the arrow gives the magnitude and the angle of the arrow
relative to some axis gives the direction.

We use a variable with an arrow on top to represent a
vector. If Ais a vector, then A (no arrow) is its magnitude.

A vector can be resolved into components. These are
vectors along useful directions (perpendicular axes) that
add to give the original vector.

The vector 5 can be written as the sum of components in
the xand y directions: § =, +5,,.

If the direction of the vector § is given by an angle to the
x axis, ©, then the magnitudes of 5,and s, are given by
s, =scos6 and s, = ssin6.

If constructing a vector from its components, the angle
s
can be found from tan®= - and the magnitude from

SX
s=4fs +s,”

Vectors can be added graphically by putting vector arrows
head-to-tail.

Vectors can be subtracted by reversing the second
vector (exchanging head and tail) and then adding:

A—B=A+(=B).

@) CHAPTER REVIEW QUESTIONS -]

Review quiz

Name four areas in physics where vectors are used.

Explain why it is useful to represent some quantities as
vectors.

Explain what happens to a vector when it is multiplied or
divided by a scalar quantity with units.

The second hand of a wall clock is 11 cm long. If the x axis
points from the centre to the '3'and the y axis points from
the centre to the 12, then:

a calculate the angle to the x axis if the second hand is
pointing to the 2’

b calculate the x and y components of the position of the

tip of the second hand.

A dog runs away from its kennel 332 m S28°W. Calculate
how far south and how far west it is of the kennel.

9780170409063

Displacement is the vector, 5, from an initial position, d, to a
final position, d. This means d; = d; +5 or s =d; —d,

When calculating displacement, the path followed does not
matter.

Velocity is a vector (V). Its magnitude is the speed.

Velocity can be resolved into components: v =v, +v,,
where v, =vcos@ and v, =vsin®.

Vector magnitude and direction can be calculated from the

magnitudes of the components: v =,Jv,” +v,” and
v
tan@=—.

VX
Two velocities can be added or subtracted by resolving
them into components. Just like displacements, they can
also be added and subtracted using diagrams.

The change in an object’s velocity after an event, such as
a collision or acceleration, is denoted Av (delta-vee’). It is
calculated from the vector equation AV =V; —V,.

If Ay is divided by the time taken for the change in
.~ AV
velocity, the result is the average acceleration: d = T

The velocity of object 1 relative to that of object 2 is given
by the vector equation V; epaive to 2 = V4 = Vo

6 A basketball courtis 28 m long and 15 m wide. Calculate
the length of the diagonal and the angle it makes to the
long side.

Draw vector diagrams to show two-dimensional

changes in:

a displacement.

b velocity.

Find the change in displacement and average velocity for
the following movements. For each case, give your answer

in both m and km fo