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@@ Application of field concepts

Chapter opener
Chapter opening pages
link the study design to
the chapter content. Key
knowledge addressed
in the chapter is clearly

5th edition

Heinemann Physics 12 5th edition has
been written to the new VCE Physics
Study Design 2024-2027. The book

The gravitational, magnetic and electric fields introduced in previous chapters
have important applications. This chapter considers some of those applications. In
particular, you willuse the knowledge you gained about felds to understand the
motion of satelites (natural and artifcial), to see how electric motors operate and
1o predict how charged partiles wil behave i electric and magnetic filds.
Key knowledge
+ model natural and artificial satellte motion as uniform circular motion 6.1
+ analyse the use of an electricfield to accelerate a charge, including:

oot anrgychanges i s W ¥, -, 63

- the magnitude of the force on a charged particle due to a niform electric

covers Units 3 and 4. Explore how to e T :
use this book below.

listed. To help you find :

~ the magnitude and direction of the force applied to an lectron beam . :

where each outcome is :

~ the racius ofth path olowed by an lectro in & magreti field . :

covered in the chapter, the :

- apply the concepts of force e o gravity and normal force including n ” b . ! :

:V\QST:; t;);ztemtes in orbit where the orbits are assumed to be uniform and re | eva n t S e Ct | O n n u m b e rs :

+ model satelite motion (arifcia, Moon, planet) as uniform circular orbital

v arr N N
ot 0=+ 45" 61 : are written in bold.
asplit ring commutator 6.2

number of loops of wire on the torque of a simple motor 6.2

synchrotrons) as uniform circular motion (limited to linear acceleration by
uniform electric field and direction change by a uniform magnetic field) 6.3

quB="" where v <<c 63

Case study :
Case studies place physics in an
applied situation or relevant context. '
Text and artwork refer to the nature

and practice of physics, applications

of physics and associated issues,
and the historical development of :
physics concepts and ideas.

Formula

Formula boxes focus on

key formulas students that
will need to apply in section
and chapter reviews.

VCE Physice Sy Design svtrcts © VGAA (2022 reprocucd by armission
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Falling at constant speed
rgbibletinfaditeiliv elied

2 their speed continues to increase,so 0o docs.
the magnitude of the drag force. ventualy, the rag.
force becomes as large as the force dus fo ravy

gure 6.1.12(9) When ths happens, the et force s zer0
s e (Fgure 6.1.12(c), When this happens, e net

feather or a baloan,does not aceelerae at 98MS” a3t congtant and the mofion of the skyciver will ot change
fals. It dris siowly f the ground fr lower than many

(Figure 6.1.128) This volcity s commonly known as
it bjects i s becauss of howaying ot o & e veoiy. : 0 r e eXa I I I e : 5 Since it the area perpendicular to the magnetic field that determines magnetic
ES ST R SR Ly S : : flux, the angle between the magnetic field and the arca through which the fic
Parachtists and shyclvers aso evertual al wit a © : passes affects the amount of stic flux. As the angle e c
- : from 90°, the amount of magnetic flux will decrease. It will reach zero when the
area under consideration s parallel o the magnetic field. As Figure 7.1.4 illustrates,

the relationship between the amount of magnetic flux and the angle 6 to the field
can be given as follows.

Worked examples are set
out in steps that show

=]
N
E

thei arms and log,they wil fall iower. This enabes them

AN }' @, = BAcosO
¢ thinking and working. : Kol N
fl 6,54 the magnetic field. Rather, it is the angle between a normal 1o the area and the

direction of the magnetic field; hence the use of cos 6. When the area is at right
angles to the magnetic field, the angle 0 between the normal and the field is 0° and

Each Worked example

: field, the angle @ between the normal and the field is 90° and cos 90° = 0 (bottom

is followed by a Worked B e

: Worked example 7.1.1
example: Try yourself ; @ e

FIGURE 6111 Skyshers pafrming it manseres i el

Skycivers, basefurmpers and airurlers sre able o use

e s e : : oy Mgt e e oo e 0
dow ‘they will experience a large downwards . . of the magnetic field, B, multiplied by ! form verti e

i that allows students to :

B il test their understanding. oo

acesleration s therefore educed. 5 important fo
remember tha they are stl speecing up, but at area of the square:

005 = 0.0025m*

Calculate the magnetic flux. @-BA
-0.1x00025

: . . :

. Highlight :
Worked example: Try yourself 7.1.1

q @ You maycome across quesions

! aking you o ceermin how mch

MAGNETIC FLUX
magneic flu ‘threads'a coil. In this
instance, ‘threads’ means ‘passes

Case StUdy' analysis Highlight boxes focus on
) ¢ important information B | e M o s e

These case studies include real- P : R L

¢ i such as key definitions :
world data that can be analysed . and summary points.
and evaluated. ;

¢

Icons

Four satellites : :

: This icon is used to alert you to engage with auto-corrected
questions through Pearson Places. :

A'student places a horizontal square coil of wire with sides of length 4.0cm into

Note that in Worked example 7.1.1 an area of Scm x Sem = 25em’ was
considered. This corresponds t0 0.0025m’ or 25 x 10, s0 Tem’ = 1% 10’

Geostationary Meteorological Satellite:
Himawari-8
The Japanese Himavari-§ is a weather satellte operated!
by the Japan Meteorological Agency. I provides important
data for Australia’s Burea of Metcorology.f was launched
in October 2014 and orbils dirctly over the equator. At
is closest point to the Eart, known as he perigee, s
altude is 35791 km. A s futhest point from the Earth,
known as the apogee, s alitude is 35 795 km. Himaweri.8
orbits at a longjtude of 141°E, 5o s just noth of Cape
York and ideally located for use by Australia’s weather
forecasters. It has a period of 24 hours, sos n a
geostationary orbit

Signals from Himawari-8 are transmitted every

These icons indicate when it is the best

10 minutes. They are received in Australia via a number
of paralll sources, such as a dedicated fibre-optic line
from Japan, a cloud-based internet sevice and satelite
Gata reception sites in Melbourne, Darwin and Perth,

s well a5 the Casey and Davis stations in Antarctica.
Images are taken across a broad range of wavelengths,
including infrared and visible colours. These images
show temperature variations i the atmosphere, tropical
cyclones and thunderstorms, fog and low cloud, and are
invaluable in weather forecasting. Himawari-8 is box-fke,

with dimensions of approximately 5.2m x 80 x 53m. It
has a mass of 1300kg and is powered by a single gallium

arsenide solar panel

FIGURE 6.1.15 In August 2014, astronomers used the Hubble
‘Space Tlescope todetec the Bl comparion starof a whie dvarf
ina cistant galay. The white dwartslowy siphoned fuel from it
companion sar, eventually gniting a unavay nuclea reacton i the
tar tha sventual produced asupernowa blast

National Oceanic and Atmospheric
Administration Satellite (NOAA-20)

Many of the US-owned-and-operated NOAA satelltes are
located in low alttudes and have near-polar orbits. This
means that they pass close to the poles of the Eartn as

U301

time to engage with a worksheet (WS), a

practical activity (PA) or exam questions
(EQ) in the Heinemann Physics 12 Skills
and Assessment book.



Section summary

Each section includes

a summary to help you
consolidate key points and
concepts.

Section review

Each section concludes with

questions that test your

ability to recall, explain and

apply key concepts.

Area of Study
review

Each area of study concludes
with a comprehensive set

of exam-style questions,
including multiple-choice

and short-answer, to

support you in your exam

preparation.

Answers

Comprehensive answers

for all section review,

chapter review and Area of
Study review questions are
provided via the Heinemann
Physics 12 5th edition eBook

+ Assessment.

Chapter review

Each chapter concludes with a list
of key terms and questions that

test your understanding of the key
knowledge covered in the chapter.

6.1 Review

@ oo

+ Anormal force, F,, is the force that a surface exerts
on an object that is in contact with t. It acts at right
angles to the surface and changes as the force.
exerted on the surface changes.

+ Normal force increases or decreases as the surface
you are standing on accelerates up or down,
respectively.

« Astronauits in orbit experience zero normal force,
because they are in free fall around the Earth,

« Asatelite is an object that is in a stable orbit around
a larger mass.

+ The only force acting on a satellte is the
gravitational attraction between it and the larger

+ Satelites are in continual free fal. They move.
with a centripetal acceleration that is equal to the
gravitational field at the location of their orbit,

KEY QUESTIONS

Knowledge and understanding

1 Determine the force due to gravity acting on a
7.20kg box at the surface of the Earth where
&£=98ms” downwards.

2 A box with £, = 220N sits at rest on the floor. What is
the magnitude of the normal force acting on the box?

Calculate the normal force acting on a 55.0kg child
standing in a lift that is accelerating upwards at

»

Calculate the normal force acting on a 55.0kg child
standing in a lft that is moving upwards at a constant
Speed of 9.00ms
5 Which of the following objects experiences the
greatest normal force?
A afly flying horizontaly
B afly walking on a table top.
€ a show-jumping horse mid jump.
D the International Space Station
& Which of the following s correct?
A The Earth orbits Mars.
B The Sun orbits around the Earth,
€ The Moon is a satellte of the Sun,
D The Earth is a satellte of the Sun.

B

°

+ For any satelite that is orbiting a mass M,

F2= gt = constant, so by knowing one satelie’s
orbital radius and period, you can calculate the.
orbital radius of another satellite orbiting M if you
know its period (or calculate its period if you know.
its orbital radius).

Analysis
7 a Ageostationary satellte is in orbit above Singapore,

which s on the equator, Determine the racius from
the centre of the Earth at which it arbits. Assume
that M,,,, = 5.98 x 10™ kg

b A Navstar GPS satelite has a period of 12 hours.
Determine the ratio of the Navstar satelite’s orbital
radius to the orbital radius of the geostationary
satelite in part a. From your result, calculate the
orbital radius of the Navstar satelit.

The strength of the gravitational field where the

Optus 10 satelite s in stable orbit around the Earth is

0.22Nkg™. The mass of the satelte s 32 x 10°kg.

a Using only the information given, calculate the
magnitude of the acceleration of the satellfte as it
orbits.

b Calculate the net force acting on the satelite as it

Atlas is one of Saturn’s moons. It has an orbital radius.
of 137 x 10°km and a period of 0.60 days. Th

largest of Saturn’s moons is Titan. It has an orbital
radius of 1.20 x 10°km. What is the orbital period of
Titan in days?

Chapter review

REVIEW QUESTIONS

Knowledge and understanding

“The following graph shows three waveforms. Two of
the wave forms are superimposed to form the third
waveform.

+ Fora satelite n a circular orbt, its speed, ,is orb electromagnetic period
ity ampliude ctrum hase
o antinode uency rarefaction
ve coherent fundamentalfrequency  reflct
T ‘compression ‘harmonic resonance
o Fracidls noc e constructive interference resonant requency
v interference fringe standing wave
v s Gy est longitudinal superposition
- - destructive interference  mechanical wave transmit
- The gravitational force acting on a satellte in a difacton A G
T ifiracton graing ‘monochromatic rou
clroulr ortit s given by: diffraction pattern node unresolved
7 e A e electromagnetic overtone wavelength
o T radiation path difference.

An earthquake causes a footoridge to oscillate up and
own with a fundamental frequency of once every 4.0s.
Consider the footbridge to be ke a string fixed at both
ends. What is the frequency o the second harmoric for
this footbridge?

The velocily of waves in a particular string at constant
tension is 95.0ms-. The string is fixed at both ends. If
standing wave is formed with a frequency 540Hz, what
2 node and an antinode that is

Which waveform is the result of the superposition

of the other two?

Two wave pulses are travelling along a string

towards each other. When they meet, the waves

superimpose and cancel each other out completely.

What s this called and what characteristics must

the two waves have for this to happen?

Explain why a car can vibrate more strongly at

Some speeds than others. Name the phenomenon,

a Explain what a node in a standing wave is.

b Explain what an antinode in a standing wave i,

Astring of length 95.0cm, fixed at both ends, s

made to vibrate. The string is kept at constant

tension. The speed of the vibrations along the

string is 400ms .

a What s the lowest frequency of ibration that
will produce a standing wave in the string?

b What is the frequency of vibration of the third
harmonic?

is
adjacent to it?

A'standing wave on a string on a fullsize violin has a
wavelength of 71.0c for the fundamental frequency of
vibration.

a Determine the length of the string;

b Determine the wavelength of the fifth harmonic.

Light takes 2,537 millon years to travel from the
Andromeda galaxy to the Earth, Taking the speed of light
530 x 10'ms ", calculate how far away the Andromeda
galaxy is in metres

10 How does light propagate over long distances?

11 Name the phenomenon shown below and explain how
You could make the effect stronger.

UNIT 3 ¢ Area of Study

14

How do physicists explain motion in two dimensions?

PhysicsFile

PhysicsFiles include

Multiple-choice questions

Anetballis dropped vertically from a height of 15m
onto a horizontal floor. The ball reaches the fioor and is
stationary for a short time before rebounding, Which of
the following diagrams correctly represents the action-
reaction forces acting between the ball and the floor
when the ball is stationary? (More than one answer
may be correct)

-

Which of the following diagrams best shows the forces
acting on a ball thrown diagonally as it travels through
thea

o9
® ®

The following information reltas to questions 3-5.
A skateboarder of mass 55 kg is practising on a haif-pipe of
radius 2.0m. At the lowest point of the half-pipe, the speed
of the skater is 60ms .
3 Whats the magnitude and direction of the
acceleration of the skater at this point?
A 3ms?up
B 3ms? down
€ 18ms=up
D 18ms* down
4 Whats the size of the normal force acting on the.
Skater at this point?
A 37x10N
B 45X 10°N
€ 70x10°N
D 15X 10°N
5 What effect doss the normal force have on the feeling
experienced by the skater as they travel through the
lowest point in the pipe?
A The skater feels lighter than they would if they were:
stationary.
B The skater feels heavier than they would i they were
stationary.
© The skater feels exacty the same s they would if
they were stationary.
D There is not enough information to tel.
The following information relates to questions 6-9.
Atennis ball is thrown at & stationary bowing ball of mass
5.0kg. The tennis ball rebounds and the bowling ball
olls very slowly away from the thrower. The collsion is
considered to be inelastic. Use the graphs below to answer
questions 6 and 7.
A B

—

Glossary

Key terms are shown in bold throughout
and listed at the end of each chapter. A
comprehensive glossary at the end of

| key terms.

the book defines al

interesting information

and real-world
mples.

exa

j

PHYSICSFILE ‘

SuitSatl

One of the more unusual satellites
was launched from the International
Space Station on 3 February 2006.

It was an obsolete Russian spacesuit
into which the astronauts had placed a
radio transmitter, batteries and sensors
(see figure below). Its launch was
simple: it was pushed away by one of
the astronauts while on a spacewalk.
SuitSat1 was meant to transmit signals
that could be picked up by ham radio
operators on Earth for a few weeks.
However, transmissions ceased after
just a few hours. The spacesuit burnt
up in the atmosphere over Western
Australia in September 2006.

SuitSat2 was launched in August 2011
and contained experiments created by
school students. It re-entered Earth’s
atmosphere in January 2012 after

5 months in orbit.

Rev

Revision

ision sections contain

vital information from
Year 11.
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CHAPTER

1 Scientific investigation

Gaining a sound understanding of key science skills in a variety of contexts is
essential preparation for undertaking scientific investigations and evaluating the
research of others. The development of such skills is a core component of VCE
Physics, and these skills apply across all units and areas of study.

’ Chapter 1 describes some of the most fundamental science skills. The chapter can
be read as a whole or referred to as you work through other chapters. For example,
it may provide you with a useful refresher on the scientific method of conducting

k- investigations, or on what is typically included in a scientific report, at the time
when you are to undertake an investigation as part of your studies.

. Key science skills
i,. Develop aims and questions, formulate hypotheses and make predictions
' . ; + identify, research and construct aims and questions for investigation 1.1
* + identify independent, dependent and controlled variables in experiments 1.1
» . 2 « formulate hypotheses to focus investigations 1.1
. T + predict possible outcomes of investigations 1.1
o Plan and conduct investigations
o + determine appropriate investigation methodology: case study; classification
= » and identification; experiment; fieldwork; literature review; modelling; product,
— process or system development; simulation 1.1
« K » design and conduct investigations: select and use methods appropriate to
. B

: the selected investigation methodology, including consideration of equipment
i " el and procedures, taking into account potential sources of error and causes of

' uncertainty; determine the type and amount of qualitative and/or quantitative
data to be generated or collated 1.2

. work independently and collaboratively as appropriate and within identified
. . research constraints, adapting or extending processes as required and
recording such modifications in a logbook 1.2

Comply with safety and ethical guidelines

+ demonstrate safe laboratory practices when planning and conducting
investigations by using risk assessments that are informed by safety data
sheets (SDS), and accounting for risks 1.2

apply relevant occupational health and safety guidelines while undertaking
practical investigations 1.2

demonstrate ethical conduct when undertaking and reporting
investigations 1.2




Generate, collate and record data

systematically generate and record primary data, and collate secondary data,
appropriate to the investigation, including use of databases and reputable
online data sources 1.3

record and summarise both qualitative and quantitative data, including use of a
logbook as an authentication of generated or collated data 1.2, 1.3

organise and present data in useful and meaningful ways, including tables and
graphs 1.3

Analyse and evaluate data and investigation methods

process quantitative data using appropriate mathematical relationships and
units 1.4

use appropriate numbers of significant figures in calculations 1.3, 1.4
construct graphs that show the relationship between variables 1.4
extrapolate to determine graph intercepts of significance 1.4

construct linearised graphs and identify the significance of the gradient (using
relationships relevant to the key knowledge outlined in the areas of study) 1.4

identify and analyse experimental data qualitatively, handling, where
appropriate, concepts of: accuracy, precision, repeatability, reproducibility,
resolution and validity of measurements; and errors (random and
systematic) 1.2, 1.3, 1.4

identify outliers, and contradictory, provisional or incomplete data 1.4
repeat experiments to evaluate the precision of data 1.4

evaluate investigation methods and possible causes of error and uncertainty,
and suggest how precision can be improved, and how uncertainty can be
reduced 1.4, 1.5

Construct evidence-based arguments and draw conclusions

distinguish between opinion and evidence, and between scientific and
non-scientific ideas 1.5

evaluate data to determine the degree to which the evidence supports the aim
of the investigation, and make recommendations, as appropriate, for modifying
or extending the investigation 1.5

evaluate data to determine the degree to which the evidence supports or
refutes the initial prediction or hypothesis 1.5

use reasoning to construct scientific arguments, and to draw and justify
conclusions consistent with evidence and relevant to the question under
investigation 1.5

identify, describe and explain the limitations of conclusions, including
identification of further evidence required 1.5

discuss the implications of research findings 1.5




Analyse, evaluate and communicate scientific ideas

use appropriate physics terminology, representations and conventions,
including standard abbreviations, graphing conventions, vector diagrams,
algebraic equations, uncertainty bars and units of measurement 1.6

discuss relevant physics information, ideas, concepts, theories and models and
the connections between them 1.6

analyse and explain how models and theories are used to organise and
understand observed phenomena and concepts related to physics, identifying
limitations of selected models/theories 1.6

critically evaluate and interpret a range of scientific and media texts (including
journal articles, mass media communications and opinions in the public
domain), processes, claims and conclusions related to physics by considering
the quality of available evidence 1.6

analyse and evaluate physics-related societal issues taking into account the
influence of social, economic, legal and political factors relevant to the selected
issue 1.6

use clear, coherent and concise expression to communicate to specific
audiences and for specific purposes in appropriate scientific genres, including
scientific reports and posters 1.6

acknowledge sources of information and assistance, and use standard scientific
referencing conventions 1.6

VCE Physics Study Design extracts © VCAA (2022); reproduced by permission



FIGURE 1.1.1 Students conduct an experiment
investigating the wave nature of light.
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1.1 Planning scientific investigations

Physics is the study of motion, force and energy. It deals with the laws, theories
and principles governing motion, force and energy across all imaginable scales
throughout the universe. Its scope ranges from the interactions between particles
that make up individual protons and neutrons inside every atomic nucleus to the
motions of galaxies that comprise the universe.

As scientists, physicists extend their understanding using the scientific method,
which involves investigations that are carefully designed, conducted and reported
(Figure 1.1.1). Well-designed research is based on a sound knowledge of what is
already understood about a subject, as well as careful preparation and observation.

Taking the time to carefully plan and design a scientific investigation before
beginning will help you keep focused throughout. Preparation is essential. You
should ensure that you understand the theory behind your investigation and prepare
a detailed plan regarding the practical aspects of the investigation. This section is a
guide to some of the key steps that should be taken when planning and designing a
scientific investigation.

OBSERVATION

Scientific investigations start with careful observation. Observation involves using
all your senses: sight, sound, smell, taste and touch. For example, an observation
may involve seeing a change in colour in an object or noticing the smell from a
chemical reaction. It also involves using instruments and laboratory techniques
that may allow observations you cannot make otherwise, or that are more detailed
or more safely obtained (for example, using sensors to detect the radioactivity of
a source).

The idea for a primary investigation of a complex problem arises from prior
learning and observations that have raised further questions. How observations are
interpreted depends on past experiences and knowledge. But to enquiring minds,
observations will usually provoke further questions. Some examples are given below.
*  What velocity must a satellite be moving in order to travel in a geosynchronous

orbit?

*  How does the motion of charged particles in an electric field compare to the
movement of an object with mass in a gravitational field?

e What causes interference in signals travelling along a wire?

*  What modifications could be made to improve the efficiency of a transformer?

e What applications are there of special relativity?

e What information does the spectrum from a star reveal?

Many of these questions cannot be answered by observation alone, but they can
be answered through scientific investigation.

Many great discoveries have been made when a scientist is busy investigating
some other problem. Good scientists have acute powers of observation and
enquiring minds, and they make the most of these chance opportunities.

THE SCIENTIFIC METHOD

Before conducting an investigation, a scientist develops a clear and specific research

question to explore. They state an aim that describes the purpose of their planned

investigation. They then state a hypothesis, that is, a prediction based on scientific

reasoning that can be tested experimentally. This is the basis of the scientific

method (Figure 1.1.2).

* Aresearch question describes the idea to be investigated. For example: What
is the relationship between voltage and current?

* An aim is a statement describing in detail the purpose of the investigation. For
example: The aim of the investigation is to investigate the relationship between
voltage and current in a circuit of constant resistance.
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FIGURE 1.1.2 A flow chart illustrating the scientific method

* A hypothesis is a prediction that proposes an answer to a research question.
It is a prediction that can be tested by observation or experimentation. For
example: For the 5Q resistor used in this investigation, the current will increase
as the voltage is increased from 3V to 12V.

Carefully designed scientific investigations are conducted to determine whether
predictions are accurate or not. If the results of an investigation do not fall within
an acceptable range, the hypothesis is rejected. If the predictions are found to be
accurate, the hypothesis is supported. If, after many investigations, one hypothesis
is supported by all the results obtained so far, then it is given the status of a theory
or principle.

There is nothing mysterious about the scientific method. You might use the same
process to find out how an unfamiliar machine works if you had no instructions.
Careful observation is usually the first step.

Formulating a research question
The research question at the centre of a scientific investigation directs the inquiry.
Its primary purpose is to clearly set the boundaries of the investigation, specify the
direction of the research, and guide all stages of inquiry, analysis, interpretation and
evaluation.

A research question should:
e clearly identify the topic of the experiment
e be specific enough to ensure a clear and unambiguous approach
e specify the scope or conditions of the inquiry

e propose to find trends, patterns or relationships between two measurable
variables.

Relevant background research can help refine the question. This could include:
¢ information about the variables to be explored
e correlations between these variables
e ideas for refining the question.

PHYSICSFILE

The scientific method and
gravitational waves

In the early part of the twentieth
century, Einstein formulated the
general theory of relativity. This theory
predicted gravitational waves. Although
hypothesised, scientists of the day
were unsure how to detect them.

Two American scientists, Kip Thorne
from California Institute of Technology
(Caltech) and Rainer Weiss from
Massachusetts Institute of Technology
(MIT), started to collaborate on possible
ways to detect these waves. In 1984
Caltech and MIT set up a joint project
called LIGO (Laser Interferometer
Gravitational Wave Observatory).

There are over 1000 scientists working
on the LIGO project. They are busy
interpreting readings from their
detection equipment, improving that
equipment and, where necessary,
modifying their hypotheses.

The LIGO team finally observed
gravitational waves in 2015, almost
100 years after Einstein predicted
them. It is the nature of scientific
research and discovery that no scientist
works alone. They work with others

and build on the research done by their
colleagues and predecessors.

To build on the discoveries of the
LIGO team, the OzGrav program was
started. OzGrav is a project funded by
the Australian Government through the
Australian Research Council, several
Australian universities and other
collaborating organisations in Australia
and overseas. The aim of OzGrav is

to understand the physics of black
holes, and to inspire future Australian
scientists and engineers to continue
this field of study.
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The structure of a research question

Table 1.1.1 provides examples of different types of research questions. You can use
the guiding words provided to structure your research question.

If possible, research questions should make reference to the independent and the
dependent variables that are to be explored. That is, the question should reference
the variables the researcher will be manipulating (independent variables) and those
that are expected to change in response (dependent variables). Each question
should ask if, how or why the independent variable affects the dependent variable.

TABLE 1.1.1 Examples of how research questions can be constructed

Guiding word | Example research question

What What effect does temperature have on the induced voltage produced by
a generator?

Will Will a motor rotate at a higher rate if the current through it is increased?

How How does the angle between the magnetic field and a current-carrying
wire affect the force on the wire?

Why Why does the angle of release affect the range of a projectile?

Is/are Is the speed of light the same for each colour of the rainbow?
Are Kepler’s laws valid for planets outside our solar system?

Can Can standing waves form in air?

Do/does Does the strength of the Earth’s gravitational field depend on the height
above sea level?

Before formulating a research question, it is good practice to:
conduct a literature review of the topic to be investigated

become familiar with the relevant scientific concepts and key terms
write down questions or correlations as they arise

BN -

compile a list of possible ideas.

Avoid rejecting ideas that initially seem impossible. Use these ideas to generate
questions that are answerable.

Selecting and evaluating your question

When selecting a topic for your investigation, it is helpful to choose something that

you already have some knowledge of and that you find interesting.

Ask yourself what the data you intend to collect might look like. If you cannot
determine measurable variables, either pick another topic or modify your question
to allow you to take measurements.

You should choose a question that can be explored within the conditions, time
and equipment you have available to you.

Once a research question has been chosen, stop and evaluate it. Check if it
requires further refinement or even further investigation before it is suitable as the
basis for an achievable and worthwhile investigation. The checklist below will assist
you in evaluating your research question.

[0 Relevance—make sure your research question is related to your chosen topic.

[0 Clarity and measurability—make sure your question can be framed as a clear
hypothesis, otherwise it is going to be difficult to complete your research.

[0 Time frame—make sure your question can be answered within a reasonable
period of time. This may not be possible if your question is too broad.

[0 Knowledge and skills—make sure you have the level of knowledge and the
laboratory, fieldwork and technical skills that will enable you to explore
the question within the specified time frame. Keep the question simple and the
outcomes of the research achievable.



[J Practicality—make sure that the resources that you will need, such as laboratory
equipment and materials, are readily available. Keep things simple. Avoid
investigations that require sophisticated or rare equipment. Instead, choose an
investigation that requires only common laboratory equipment.

[J Safety and ethics—consider the safety and ethical issues associated with the
research question you will be investigating. If there are issues, determine if these
need to be addressed before you begin your investigation. (Safety and ethics is
discussed in more detail in Section 1.2.)

O Advice—seek advice from your teacher on your question. Their experience may
lead you to consider aspects of the question that you have not thought about.
Finally, confirm the suitability of your research question with your teacher.

Defining the aim of the investigation

The aim sets out the purpose of the scientific investigation. It should directly mention

the variables involved in the investigation and describe, in general terms, how each will

be measured. An aim does not need to include the details of the proposed method.
An example for a laboratory experiment:

e Aim:The aim of the experiment is to investigate the relationship between force,
mass and acceleration.

e In the first stage of this experiment, mass will be the independent variable (a
number of different masses will be selected) and the force kept constant. The
resulting acceleration (dependent variable) will be measured.

e In the second stage of the experiment, force will be the independent variable (a
number of different forces will be tested) and the mass will be kept constant.
The resulting acceleration (dependent variable) will be measured.

e Using the data collected from both stages of the experiment, the relationship
between the three variables can be determined.

Formulating a hypothesis

Once the research question has been finalised and the aim of the research is clear,
formulating a hypothesis is the next step. A hypothesis is the prediction that is to
be tested by the evidence you will collect during your investigation. A hypothesis
proposes a relationship between two or more variables. It should predict that a
relationship exists or does not exist.

When writing the hypothesis, first identify the variables in your research
question. There are different ways of constructing your hypothesis, but you may
want to write the statement in the form of ‘If ... is done, then ... will occur.” Ensure
that the independent and dependent variables are included in this statement.

For example: If force (the independent variable) is increased, then acceleration
(the dependent variable) will increase in proportion to the force.

A hypothesis does not need to include ‘if” and ‘then’ in its wording. For example,
the previous hypothesis could also be stated in the following way: As force increases,
acceleration increases proportionally.

A good hypothesis should:

* be a statement, not a question

* be based on information contained in the research question and the aim
*  be worded so that it can be tested in the experiment you are planning

e include an independent and a dependent variable

e include only variables that are measurable.

The hypothesis should also be falsifiable. This means that a negative outcome
would disprove it. For example, the hypothesis that all apples are round cannot be
proved beyond doubt, but it can be disproved—in other words, it is falsifiable. In fact,
only one square apple is needed to disprove this hypothesis. Unfalsifiable hypotheses
cannot be proved by science. These include hypotheses on ethical, moral and other
subjective judgements. For instance, you could hypothesise that plagiarising your
scientific report is wrong, but the results of this are a question of ethics not science.

PHYSICSFILE

Hypothetical neutrino

In 1934 Enrico Fermi proposed the
nuclear electron hypothesis. He
explained that the beta particles
observed from radioactive processes
were from the radioactive decay of

a neutron. Theory suggested that a
neutron would decay into a positively
charged proton, a negatively charged
electron, gamma radiation and a then-
theoretical particle called the neutrino.
This would meet the requirements

of the conservation of energy and
momentum. Experimental proof of the
idea took another 20 years.
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Variables

A good scientific hypothesis can be tested, that is, supported or refuted through

investigation. To be a testable hypothesis, it must be possible to measure both what

is changed and what will happen as a result. Thus a scientific investigation seeks to
determine the relationship between variables.
There are three categories of variable:

* The independent variable is the variable that is manipulated by the researcher
(that is, the one that is changed to see if there is an effect on the dependent
variable).

* The dependent variable is the variable that may change in response to a
change in the independent variable. This is the variable that will be observed.

e Controlled variables are the variables that must be kept constant during the
investigation.

You should only test one variable at a time, otherwise you cannot be sure which
variable has influenced a change in the dependent variable.

Completing a table like the one in Table 1.1.2 will assist you in evaluating the
research question and formulating the hypothesis.

TABLE 1.1.2 Extract the relevant variables from your research question and formulate a hypothesis

research question How does the angle of release of an arrow undergoing projectile
motion affect the range of flight?

independent variable the angle of release of the arrow
dependent variable range of flight

controlled variables » mass of the arrow
» design of the arrow
» extension of the bow (elastic potential energy stored in the
system)
* height of release of the arrow
» height at which the arrow lands
 release velocity of the arrow

hypothesis If the release angle of a projectile is 45°, then the range of flight
will be greatest.

Qualitative and quantitative variables

Variables are either qualitative or quantitative, with further subsets in each category.
* Qualitative variables can be observed but not measured. The data collected is
known as qualitative data. They can only be sorted into groups or categories,
such as brightness, type of material of construction or type of device. There are
two main types:
— Nominal variables are those in which the order is not important, for example,
the type of material or type of device.
— Ordinal variables are those in which order is important and values are
therefore ranked, for example, brightness (Figure 1.1.3).

* Quantitative variables can be measured. The data collected is known as
quantitative data. Length, area, weight, temperature and cost are examples of
quantitative data. There are two main types:

— Discrete variables can only take particular values, for example, the number

FIGURE 1.1.3 When recording qualitative
data, describe in detail how each variable

will be defined. For example, if recording the of pins in a packet, the number of springs connected together or the energy
brightness of light globes, pictures are a good levels in atoms.

way of clfarly defining what each assigned term — Continuous variables allow for any numerical value within a given range,
represents.

for example, the measurement of temperature, length, mass and frequency.
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Methodology and methods

When planning your investigation you will need to decide on the methodology and
methods.

The methodology section in a research plan is a brief description of the
general approach taken to investigate the research question or hypothesis and the
reasons why this approach is taken. Examples of methodologies are a controlled
experiment, fieldwork, a literature review, modelling and a simulation.

The method (also known as the procedure) is the set of specific steps that
are to be taken to collect data during the investigation. The type of methodology
and the methods selected will depend on the research question, the aim of the
investigation and the equipment available to you.

For some investigations, setting up an experiment may require equipment that
is not readily available to you in the school setting. This may mean you need to
consider a computer simulation to model the outcomes of the investigation. Other
approaches could include a literature review of other studies that considered a
similar research question. The different approaches that you could use are outlined
inTable 1.1.3.

TABLE 1.1.3 Scientific investigation methodologies

case study

classification and
identification

experiment

fieldwork

literature review

modelling

product, process or system
development

an investigation of a real or hypothetical situation,
such as an activity, event, problem or behaviour, often
involving analysis of data within a real-world context

arranging objects or events into manageable groups by
identifying shared or similar features

an experimental investigation that involves formulating
a hypothesis and testing the effect of an independent
variable on the dependent variable, while controlling all
other variables in the experiment

collecting data outside the laboratory, such as from
an excursion or by engaging with community experts

a critical analysis of what has already been investigated
and published, using secondary data from other people’s
investigations or from experimental research to explain
events or propose new ideas or relationships

using models as representations of objects, systems or
processes to aid understanding or make predictions

using scientific understanding and advances in
technology to design a new tool, method or process to
meet the demands or needs of society

simulation using mathematical models or simulations to test
hypotheses, conduct virtual experiments or model the
complexity of a system or process
SOURCING INFORMATION

determining the wavelength at which radiated
power per unit area is maximum at any given
temperature

classifying different stars in the sky

investigating the effect of an object’s mass on its
momentum

establishing the path of the Moon in the night
sky

analysing data looking at the impact of
electromagnetic radiation on cells published in
a variety of research papers to support, refute or
develop a new hypothesis

constructing models of the atom

developing a new cochlear implant to restore
hearing

performing a computer simulation of the
spectrum of light emitted by a blackbody as a
function of wavelength

When you are sourcing information for your scientific investigation, consider whether
the information is from primary or secondary sources. You should also consider the
advantages and disadvantages of using such resources as books or the internet.

Primary and secondary sources

Primary sources of information are those created by a person directly involved
in an investigation. An example is a peer-reviewed scientific article. Secondary
sources of information are syntheses, reviews or interpretations of primary
sources. Examples are textbooks, newspaper articles and websites.
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Secondary sources of information may have a bias, so you need to determine if
they are reliable sources of information. You will learn about assessing the accuracy,
reliability and validity of data in Section 1.2.

Table 1.1.4 compares common primary and secondary sources.

TABLE 1.1.4 Summary of common primary and secondary sources

Characteristics

Examples

1.1 Review

* A research question sets out what is being

investigated.

* An aim is a statement describing in detail what will

be investigated.

» A hypothesis is a prediction about the results of the

investigation.

» Once a research question has been chosen, evaluate

the question before proceeding.

There are three main categories of variables:

— The independent variable is the variable that is
manipulated by the researcher (that is, the one
that is changed to see if there is an effect on the
dependent variable).

— The dependent variable is the variable that
may change in response to a change in the
independent variable.

— Controlled variables are all the variables that must
be kept constant during the investigation.

+ Qualitative data is unmeasurable and is comprised

of descriptions.

10 CHAPTER 1 | SCIENTIFIC INVESTIGATION

first-hand records of events or
experiences

written at the time the event
happened

original documents

results of experiments

articles in scientific journals or
magazines

reports of scientific discoveries
photographs, specimens, maps
and artefacts

interviews with experts
websites (if they meet the
criteria above)

Primary sources Secondary sources

interpretation of primary
sources

written by people who did not
see or experience the event
use information from original
documents but rework it

textbooks

biographies

newspaper articles
magazine articles

radio and television
documentaries

websites that interpret the
scientific work of others
podcasts

* Qualitative data can be characterised as either:
— nominal, when the order of the data is not

important

— ordinal, when the order of the data is important.
* Quantitative data is measurable and comprised
of values, either directly observed or reported by

instruments.

» Quantitative data can be characterised as either:
— discrete, when the data can only be particular

numerical values

— continuous, when the data is not restricted to

particular numerical values.

» The methodology describes the general approach or

style of the investigation.

* The method (or procedure) is the set of specific
steps taken to collect the data.

* Primary sources are those created by a person
directly involved in the investigation.

« Secondary sources are syntheses, reviews or
interpretations of primary sources.



KEY QUESTIONS

Knowledge and understanding

1
2
3

Define the term ‘hypothesis’.
State the meaning of the term ‘variable’.

Describe the differences between quantitative data
and qualitative data.

The following steps in the scientific method are out of

order. Rewrite them in your notebook in the correct

order.

e form a hypothesis

» collect the results

e plan the experiment and equipment

e draw conclusions

e question whether the results support the
hypothesis

» state the research question to be investigated

e perform the experiment

A student wants to investigate whether you can hit a
ball harder with a two-handed grip of a bat instead of
a one-handed grip. What would be the independent
variable in the experiment?

Consider the hypothesis below. What are the
dependent, independent and controlled variables?
Hypothesis: ‘Releasing an arrow in archery at an angle
greater or smaller than 45° will result in a shorter
flight displacement (range) compared with a release
angle of 45°’.

Consider the following four options.
A How does the diffraction pattern of light depend
on the wavelength?
B If the wavelength of light is increased, then the
spread of the diffraction pattern also increases.
C Diffraction and refraction have opposite trends
with respect to wavelength.
D To investigate the effect of changing wavelength
on the amount light that is diffracted.
a Which option (A to D) is a research question?
b Which option (A to D) is an aim?
¢ Which option (A to D) is a hypothesis?

For each of the following hypotheses, state the

independent and dependent variables.

a If water at 90°C is allowed to cool to room
temperature in different-shaped containers, the
container with the largest surface area will reach
room temperature in the shortest time.

b If you increase the thickness of foam bumpers
attached to the front of a cart travelling at 1 ms™,
then the force experienced during a head-on
collision decreases.

¢ If the number of coils in the motor is increased, the
force and therefore the torque will also increase.

10

d If you push an object of fixed mass (for example, a
shot put) with a larger force, then the acceleration
of that object will be greater.

e A springboard diver rotates faster when in a tucked
position than when in a stretched position.

In an experiment, a student uses the following
range of values to describe the brightness of a light:
dazzling, bright, glowing, dim, off. What type of
variable is brightness?

Consider the following research question: ‘Is the
radial acceleration experienced on the Luna Park
roller-coaster proportional to the radius of
curvature of the track?’

Which of the following is the independent variable,
which is the dependent variable and which is a
controlled variable?

a radial acceleration

b weight of the cart

¢ radius of track curvature

Analysis

11

12

Which is the most specific research question of the

three options below. Explain your choice.

A Will a singly ionised atom with a higher atomic
number undergo a smaller deflection angle when
fired perpendicularly at the same velocity into a
constant external magnetic field?

B Will shiny metals produce more photoelectrons in
the photoelectric effect than dull metals?

C Will the diffraction pattern of green laser light
become clearer when a narrower slit is used?

Select the best hypothesis from the options below.

Give reasons for your choice.

A Take-off angular momentum and inertia affect
angular (rotational) velocity.

B A body’s position during angular airborne motion
affects its inertia.

C A springboard diver’s angular (rotational) velocity is
slower when they hold a stretched (layout) position
than when they are in a tuck position, if they take
off with the same angular momentum.

CHAPTER 1 | SCIENTIFIC INVESTIGATION
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1.2 Conducting investigations

Once you have written your research question, clarified the aim, stated the
hypothesis and chosen a suitable methodology, you will need to develop a method
to conduct the investigation. In this section you will learn about designing and
selecting methods to use in scientific investigations in the laboratory and in field
work. You will be introduced to different techniques and understand how selecting
appropriate equipment and methods will allow you to obtain accurate and precise
measurements. Risks and safety precautions will also be discussed.

WRITING A METHOD

The method is a step-by-step procedure that you will follow when conducting your
investigation. The method must be detailed enough so that someone else can conduct
the investigation using the same steps. It should be recorded in your logbook. For
example, the step ‘Place a sheet of semiconductive paper flat, printed side up, on the
lab bench, ensures that whenever the method is followed, the paper will be placed
the same way up. Number your steps sequentially, covering only one action per step.

You must also ensure that the proposed method describes a way to collect data
that is valid, repeatable and reproducible.

Validity
An experiment or investigation has validity only if it is actually testing the set
research question or hypothesis.

Factors influencing validity include:

* whether your experiment measures what it claims to measure; in other words,
your experiment should test your research question or hypothesis

e the certainty that something observed in your experiment was the result of your
experimental conditions and not some other cause that you did not consider; in
other words, whether the independent variable influenced the dependent variable
in the way you have concluded and was not influenced by other variables that
should have been kept constant.

Make sure you have identified the independent variable, the dependent variable
and the variables you will control in your experiment (and how you will control
them). This information should be included in your method. In the example step
discussed above, the way the paper is placed (printed side up) is a controlled variable.

You should also be clear about what raw data you will collect (quantitative or
qualitative). If necessary, re-read the relevant text about variables in Section 1.1.

Repeatability and reproducibility

Repeatability is the ability to obtain the same results if an investigation is repeated

under the exact same set of conditions. (This is sometimes called reliability.)

Several steps can be taken to help improve the repeatability of an experiment by

reducing the influence of natural variation, random error, uncalibrated instruments

or instrument error, and the influence of unforeseen variables. These steps include:

* selecting an appropriate sample size to reduce natural variation, errors and
uncertainty

* selecting the appropriate equipment to take the measurements you seek

» taking several measurements under the same conditions (that is, repeat readings
of each trial)

* specifying the materials and methods in detail.

Repetition can minimise random errors, but it will not minimise systematic
errors. (Errors are discussed later in this section.) Repeating the investigation
and averaging the results will generate data that is more reliable. To ensure that all
variables are being tested under the same conditions, modifications to your method
may need to be considered before repeating the investigation. The goal is to ensure
that every measurement can be repeated and the same result obtained (within a
reasonable margin of experimental error, such as less than 5%).



Reproducibility is the ability to obtain the same results if an experiment is
repeated under different conditions. Different conditions might include a different
researcher conducting the experiment, the use of different equipment or instruments,
or conducting the experiment at a different time or location. It is important to write
a clear and detailed method so that the experiment can be reproduced successfully.

Sample size is extremely important in scientific experiments. A larger sample
size:

e reduces the effects of natural variation, errors and uncertainty
e provides more evidence to support the experimental results and conclusions
e improves repeatability (i.e. reliability).

Measurements or observations could vary, so the greater the sample size, the

more reliable the data.

EQUIPMENT

When conducting your scientific investigation, it is important to choose the correct
equipment. This will ensure that your measurements are accurate (by minimising
error) and that your results are reproducible and repeatable.

It is important to understand how to use the equipment correctly and how your
choice of equipment will affect the accuracy and precision of the results you collect.
You should ensure that the equipment is suitable for the measurement required. For
example, a ticker timer (Figure 1.2.1(a)) and a motion detector (Figure 1.2.1(b))
would be suitable choices for measuring the velocity of an object. It is also important
to ensure that the equipment is properly calibrated.

COLLECTING AND RECORDING DATA

For an investigation to be scientific, it must be objective and systematic. When
working, keep asking questions. Is the work biased in any way? If changes are made,
how will they affect the study? Will the investigation still be valid given the aim and
hypothesis?

It is essential that you record the following information in your logbook during
your investigation:

e all quantitative and qualitative data collected

* the methods used to collect the data

e any incident, feature or unexpected event that may have affected the quality or
validity of the data.

The data recorded in a logbook is the raw data. Usually this data needs to
be processed in some manner before it is presented. If an error occurs in the
processing, or you decide to present the data in an alternative format, the recorded
raw data will still be available for you to refer back to. How to collect and process
your raw data is covered in Section 1.3.

IDENTIFYING ERRORS

When an instrument is used to measure a physical quantity and obtain a numerical
value, the aim is to determine the true value. The true value is the value, or range
of values, that would be obtained if the variable could be measured perfectly.
However, for a number of reasons the measured value is often not the true value.

Most practical investigations will have some errors in the data collected. Errors
can occur for a variety of reasons. Being aware of potential errors will help you to
avoid or minimise them.

FIGURE 1.2.1 Some useful items of equipment
in scientific investigations are (a) a ticker timer
and (b) a motion sensor.
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FIGURE 1.2.2 Types of error

For an investigation to be valid, it is important to identify and record any errors.
There are three types of error (Figure 1.2.2):

e systematic errors
e random errors
* mistakes.

Systematic errors
A systematic error is an error that is consistent and will occur again if the
investigation is repeated in the same way.

Systematic errors are usually a result of instruments not being calibrated
correctly, methods that are flawed or environmental factors (such as noise sources).

Systematic errors
(produce a bias)

‘ Random errors ’

Mistakes
(avoidable errors)

Systematic errors include:

+ a digital thermometer that
measures 0.4°C higher for
each measurement

* a weight used throughout
an experiment that is
labelled 1kg but is actually
0.9kg

Random errors include:

+ temperature fluctuations
when measuring linear
strain of a material

+ voltage fluctuations

* unexpected noises
outside of the background
noise when measuring
sound intensity

Mistakes include:

* misreading the numbers
onascale

* not recording the result of
the experiment when it
was measured

« forgetting to calibrate a
balance before taking
some of the readings

The resulting error is in the
same direction for every
measurement and will
make the measurements
either too high or too low as
a result. These lead to bias.

Random errors follow
no regular pattern.

The measurement is
sometimes too large and
sometimes too small.

Mistakes may or may not
follow a regular pattern.

Reduce systematic errors by
calibrating equipment to
increase the accuracy of any
measurements (e.g. by using
weighing balances). To
increase precision, take a
greater number of measure-
ments for each quantity and
take an average. Electronic
timing methods such as a
timing gate would remove
the error of variable reaction
time that occurs when using
a stopwatch.

Reduce random errors

by taking multiple
measurements of the same
quantity, then calculating an
average. For example,
multiple stopwatches are
used to measure time for
reaction rates.

Reject mistakes when
analysing data. Do not
include them in any
calculations or averages
with other measurements.
Reduce mistakes by
concentrating and being
very careful when taking
measurements. If unsure of
a measurement, check it by
repeating it.
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An example of a systematic error is if a ruler mark indicating 5cm from Ocm
was actually only 4.9cm from 0cm, perhaps due to a manufacturing error or
shrinkage of the wood. Another example is if a researcher repeatedly used a piece
of equipment incorrectly throughout the entire investigation.

Make sure you choose appropriate equipment that is in good working order
before conducting your investigation. This will reduce the possibility of introducing
systematic errors.

Random errors

Random errors occur in an unpredictable manner and are generally small. A
random error could, for example, result from a researcher reading the same output
value correctly one time and incorrectly another time. Another example is if an
instrument’s readings fluctuated during periods of low battery power. To reduce
the impact of random errors, make sure to build repetition into your method.

Mistakes

Mistakes are avoidable errors. Examples include:
e misreading the numbers on a scale
e not identifying or labelling data points adequately.

A measurement that involves a mistake must not be included in any calculation
or averaged with other measurements of the same quantity. Mistakes are often
not referred to as errors because they are caused by the experimenter rather than
the experiment or the experimental method. Sometimes they are referred to as
personal errors.

Accuracy and precision

Two very important aspects of any measurement are accuracy and precision.

* Accuracy is how close a measurement is to the true value, including during
repeated trials of the experiment. To obtain accurate results you must minimise
systematic errors.

e Precision is how closely a set of measurements agree with each other. A set
of precise measurements will have values very close to the mean value of the
measurements. Precision is different from accuracy in that it does not indicate
how close the measurements are to the true value. To obtain precise results, you
must minimise random errors.

Instruments are accurate if they truly report the quantity being measured. For
example, if a tape measure is correctly manufactured it can be used to measure
lengths accurately to the nearest centimetre.

Instruments are precise if they can differentiate between slightly different
quantities. Precision refers to the fineness of the scale being used.

To understand more clearly the difference between accuracy and precision,
think about firing arrows at an archery target (Figure 1.2.3). Accuracy is being
able to hit the bullseye. Precision is being able to hit the same spot every time
you shoot. If you hit the bullseye every time you shoot, you are both accurate and
precise (Figure 1.2.3(a)). If you hit the same area of the target every time but not
the bullseye, you are precise but not accurate (Figure 1.2.3(b)). If you hit the area
around the bullseye each time but don’t always hit the bullseye, you are accurate but
not precise (Figure 1.2.3(c)). If you hit a different part of the target every time you
shoot, you are neither accurate nor precise (Figure 1.2.3(d)).

FIGURE 1.2.3 Examples of accuracy and
precision: (a) both accurate and precise,

(b) precise but not accurate, (c) accurate but not
precise and (d) neither accurate nor precise
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PHYSICSFILE

Uncertainty

The uncertainty in an instrument’s
measurements is half the smallest
scale of division in the measurements
offered by the instrument. This is
written using a plus or minus symbol
(). This indicates that the true value

of the measurement can be anywhere
between the measured value less the
uncertainty and the measured value
plus the uncertainty. For example, a
rule may have gradations that are 1 mm
apart. This makes the uncertainty in

the rule £0.5 mm. If you measured

the distance of a gap in a diffraction
experiment using this rule and found

it to be 10 mm, then the true value is
between 9.5mm (10 mm — 0.5mm) and
10.5mm (10mm + 0.5 mm).
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Consider a metre rule, a tape measure and a measuring wheel used to mark
out a sports field. All three will measure distance and all three can be accurate.
However, the metre rule is the most precise of the three. This is because it measures
to the nearest millimetre while the tape measures only to the nearest centimetre and
the measuring wheel measures only to the nearest metre.

To see that the tape measure is a more precise instrument than the measuring
wheel, suppose two distances of 2673 mm and 2691 mm are being measured with
these two instruments. Each distance would be measured as 3m, to the nearest
metre, by the wheel. They would be measured by the tape measure as 2.67 m and
2.69m to the nearest centimetre. The tape measure is more precise because it has
a finer scale. You might also say that it has greater resolution. The measuring wheel
has such low precision that it cannot be used to measure which of the two distances
is greater. Measuring instruments that have less precision give measurements that
are less certain. The uncertainty in the measurement is due to the coarser scale.
The measuring wheel gives less-certain measurements than the tape measure even
though both instruments may be equally accurate.

The uncertainty of a measurement is due to the limited precision of the
instrument that does the measuring. All measurements have some uncertainty.
The uncertainty is generally one half of the finest scale division on the measuring
instrument. This means that the actual measurement could be anywhere from half
of the smallest graduation too big to half of the smallest graduation too small. The
measuring wheel in the example above has an uncertainty of 0.5m (Figure 1.2.4).
The tape measure has an uncertainty of 0.5 cm. The metre rule has an uncertainty
of 0.5 mm.

%

measuring wheel
+0.5m

tape measure
+0.5cm

metre rule
+0.5mm

FIGURE 1.2.4 The measuring wheel has low precision and only measures to the nearest metre. It has
an uncertainty of 0.5m. The tape measure has more precision and has an uncertainty of 0.5¢cm or
0.005m. The metre rule has an uncertainty of 0.5 mm or 0.0005m.

Sometimes this uncertainty is referred to as error. It is not an error, or something
that has gone wrong. All measuring instruments have limited precision.

When conducting experiments, check that the instruments to be used are
sensitive enough. Build some testing into your investigation to confirm the accuracy
and precision of those instruments.

Calibrated equipment

Some equipment s sensitive to the conditions in which it operates, such as temperature
and humidity. An example is the motion sensor. The accuracy of this equipment
should be tested before each use to account for this. This is called calibration. Before
carrying out the investigation, make sure the equipment is properly calibrated and
functioning correctly. For example, measure the temperature and, if necessary, apply
a correction to the speed of sound to calibrate a motion sensor.

Correct use of equipment

Always use equipment properly. Complete whatever training in the use of the
equipment is necessary and practise using the equipment before beginning your
investigation. Improper use of equipment can result in inaccurate and imprecise
data with large errors, which weakens the validity of the data.



RECORDING INFORMATION FROM PRIMARY AND
SECONDARY SOURCES

You may recall from Section 1.1 that research results can come from secondary
sources as well as primary sources. As you conduct your investigation, it is important
to note any information you use that has come from secondary sources. This
must be acknowledged in your final written report. Categorising the information
and evidence you find while you are researching will make it easier to locate the
information later when you are writing the report. For example, you could use the
following categories for identifying the sources of your information:
e research methods—the steps and methods to conduct an experiment
* key findings—key information and facts related to the experiment
» research relevance—how relevant the source of information is to the experiment
being conducted.
Record this information in your logbook.

MODIFYING THE METHOD

The method may need modifying as the investigation proceeds. The following

actions will help you identify any issues and decide how to address them.

e Record everything in your logbook.

e Be prepared to make changes to your approach.

e Note any difficulties encountered and the ways they were overcome. What
were the failures and successes? Every test carried out can contribute to an
understanding of the investigation as a whole, no matter how much of a disaster
it may first appear.

e Don’t panic. Go over the theory again and talk to your teacher and other
students. A different perspective can lead to a solution.

If the expected data is not obtained, don’t worry. As long as it can be critically
and objectively evaluated, the limitations of the investigation identified and further
investigations proposed, your work will have been worthwhile.

ETHICAL CONSIDERATIONS

When you are planning a scientific investigation, identify all possible ethical
considerations that might arise and consider how you could reduce or eliminate them.
Asking questions such as those below may help you uncover ethical implications.

e How could this affect the wider society?

e Does one individual or group benefit over another? Is it fair?

e Who will have access to the data and results?

¢ Does it prevent anyone from meeting their basic needs?

SAFETY AND RISK ASSESSMENTS

When planning your investigation, you need to be aware of any risks or safety
concerns and consider ways to mitigate them. Always use safe procedures and
common sense. For example, all equipment and instruments should be used at the
back of the bench so that students walking by do not knock them or trip over them
and cause an accident. Place a sign on the lab bench warning other students and
staff not to touch the equipment.

You must follow the safety and risk assessment guidelines of your teacher and
your school. Completing a risk assessment may mean filling out a form or working
through an online process.

While conducting an investigation, it is important for your own safety and
the safety of others that all potential risks are considered. Risk assessments are
undertaken to identify, assess and control potential hazards. A risk assessment
should be undertaken for any situation—in the laboratory or outside in the field.
Always identify the risks and control them to keep everyone safe.

PHYSICSFILE

Connecting the world

Have you ever wondered how the
internet sends data around the world?
Most people believe the world is
connected using satellites that transfer
information from device to device across
countries separated by the oceans.

But this is not the case. Most data is
transferred along fibre optic cables that
lie across the vast ocean floors. There
are more than 440 underwater cables
keeping the world connected.

Laying these fibre optic cables can

be complex. The likely impact on

coral reefs, aquatic animals and other
aquatic systems must be considered
when cables are being laid. Underwater
topography, volcanic activity and ocean
currents also influence where the cables
can be laid. Where the cables cross
international borders, negotiations
between countries may lead to routes
that are less than optimal. And when
something goes wrong in such a
complex network, maintenance and
repairs might need to be done in
countries far away. So the next time
your internet connection is down, the
solution may be far more complicated
than simply resetting your modem.

Underwater cables form the backbone of
the internet.
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For example, conduct voltage—current experiments only with low voltages (less
than 6.0V DC or 4 x 1.5V batteries) coupled to resistors so that the currents in the
circuits are of the order of milliamps. At all times avoid direct exposure to 240V AC
household voltages (Figure 1.2.5).

To identify risks think about:

e the activity that will be carried out
* where it will be carried out
e the equipment that will be used.

The hierarchy of risk controls in Figure 1.2.6 is organised from the least effective
(at the bottom) to the most effective (at the top).

elimination (most effective)

substitution

FIGURE 1.2.5 Avoid electrical hazards by
identifying, assessing and controlling them
during the planning phase

engineering and design controls
(e.g. equipment designed with
safety features)

administrative controls
(e.g. training, documentation)

personal protective
equipment (least effective)

FIGURE 1.2.6 A hierarchy of measures for controlling risk, with the least effective at the bottom and
the most effective at the top.

Personal protective equipment
Everyone who works in a laboratory should wear personal protective equipment
(PPE) to help keep them safe. Consult your teacher or laboratory technician, and
each relevant safety data sheet (SDS), to see what PPE you are likely to need.
Examples include:
» safety glasses
» lab coats
* shoes with covered tops
» disposable gloves.

Examples of PPE are shown in Figure 1.2.7.

Chemical codes

In January 2017 Australia adopted the Globally Harmonized System of Classification
and Labelling of Chemicals (GHS). This system is used for labelling containers and
in safety data sheets. The chemicals at school or at a hardware shop have a warning
symbol on the label. These symbols—mandated by the GHS—indicate the nature
of the contents (Table 1.2.1).You will need to analyse them when you are planning
and conducting scientific investigations involving chemicals. You will perform a risk
assessment in which these symbols will be provided. After analysing them you may
need to modify your experimental plan so that safety is improved.

)

v e
FIGURE 1.2.7 Examples of PPE shown are
protective eyewear, lab coats and gloves.
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TABLE 1.2.1 GHS symbols used as warnings on chemical labels

flammable liquids, oxidising liquids, explosion, blast or
solids and gases; solids and gases; projection hazard
including self-heating may cause or

and self-igniting intensify fire

substances

corrosive chemicals; gases under pressure fatal or toxic if

may cause severe skin swallowed, inhaled or in
and eye damage and & contact with skin

may be corrosive to

metals

low level toxicity; this hazardous to chronic health hazards;
includes respiratory, aquatic life and the this includes aspiratory
skin and eye irritation, % environment and respiratory hazards,
skin sensitisers and carcinogenicity,
chemicals harmful if mutagenicity and
swallowed, inhaled or in reproductive toxicity

contact with skin

Safety data sheets

Every chemical substance has an associated document called a safety data
sheet (SDS). The SDS contains important safety, environmental and first aid
information about the chemical, including how the chemical should be handled and
stored (Figure 1.2.8). For example, if an SDS states that the products of a reaction
with the chemical are toxic to the environment, you must pour your waste into a
special container, not down the sink.

An SDS provides employers, workers, and health and safety representatives
with the necessary information to safely manage the risk of exposure to a hazardous

substance.
Safety Data Sheet
AIR LIQUIDE NITROGEN, REFRIGERATED LIQUID (N2)
Dato of first issuo: 30/0772010 Revised date: 201122016 Suporsodes: 010372013 Verson: 60

S0S reference: ALEY

Warning @

| SECTION 1: Identification of the substance/mixture and of the company/undertaking |

11 Productidentifier
Trade name : Nitrogen (refrigerated)
SDS no : ALBG13
Chemical description : Nitrogen (refrigerated)
CAS No : 7727-37-9
EC no : 231-783-9
EC index no : ==
Registration-No. : Listed in Annex IV / V REACH, exempted from registration.
Chemical formula 1 N2

Relevant identified uses R rial and i Pearform risk prior 10 use.
Test gas/Caibration gas.
Purge gas, diluting gas, inerting gas.
Purging.
Laboratory use.

Use for manutacture of
Shiekd gas for welding processes.
Contact supplier for more information on uses.

FIGURE 1.2.8 An example of part of an SDS for liquid nitrogen showing the symbol for a compressed
gas to alert the reader to potential hazards when using the substance. The SDS also includes
measures to reduce the risk of harm.
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Science outdoors

Sometimes investigations and experiments will be carried out outdoors. Working
outdoors has its own set of potential risks and it is equally important to consider
ways of eliminating or reducing those risks.

Table 1.2.2 gives examples of risks associated with working outdoors.

TABLE 1.2.2 Risks associated with working outdoors

sunburn wear sunscreen, a hat and sunglasses

hot or cold weather  wear clothing to protect against heat or cold

projectile launch create barriers so that people know not to enter the area

trip hazards minimise the use of cables (electrical, computer etc.) and cover

them with matting

landscape be aware of tree roots, rocks, roads etc.

First aid measures

Minimising the risk of injury reduces the chance of requiring first aid assistance.
However, it is still important to have someone with first aid training present during
a practical investigation.

Always tell your teacher or laboratory technician if an injury or accident happens.

1.2 Review

20

+ |t is essential that during an investigation, the

following is recorded in your logbook:

— all quantitative and qualitative data collected

— the methods used to collect the data

— any incident, feature or unexpected event that
may have affected the quality or validity of
the data

— all sources of information, both primary and
secondary.

» An experiment or investigation is valid only if it is

testing the set research question or hypothesis.

» Repeatability (or reliability) means that if an

experiment is repeated many times, the results
obtained are consistent.

» Repeatability is improved by:

— replication (having multiple samples within an
experiment)

— repeat trials (repeating the experimental test).

» The accuracy of a measurement is how close it is to

the true value.

» The precision of an instrument describes the

smallest value it can measure.
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» The uncertainty of a measurement due to the

limited precision of the instrument is plus or minus
half of the finest scale division on the instrument.

» A systematic error is an error that is consistent. It

will occur again if the investigation is repeated in
the same way. Systematic errors are usually a result
of instruments that are not calibrated correctly or
methods that are flawed.

» Random errors are unpredictable and are

generally insignificant. A random error could arise
when a researcher misreads one of a number of
measurements.

* Mistakes are avoidable. Do not include in the

analysis of your results any measurement that
resulted from a mistake.

» |dentify and address any ethical issues while you

plan your investigation.

» Risk assessments identify and assess hazards, and

propose controls to minimise their occurrence or
effect.

« GHS symbols identify the types of hazards

associated with substances.



1

KEY QUESTIONS

Knowledge and understanding

The masses of numerous cubes of potato, each
1cm? in volume, were recorded and the cubes
placed in distilled water. After 60 minutes the cubes
were weighed again and the difference in mass was
calculated. What type of error occurs:
a if the electronic scales are calibrated incorrectly
b if the electronic scales were briefly affected by a
power surge?

Explain the terms ‘accuracy’ and ‘precision’.

State why it is important to choose appropriate
equipment and instruments when conducting an
experiment.

What is one way to ensure that an experiment is valid,
and one way to ensure that it is repeatable?

Identify whether the following are systematic errors,

random errors or mistakes.

a A student spills some water from the container
while measuring the temperature increase.

b Some reported measurements are above the true
value and some below the true value.

¢ A 25.00g mass measures 25.5g on a scale.

d A scale that should have measured a mass as
25.00 + 0.03 g actually measured 24.92 + 0.03 g.

e A student misreads the value on the slotted mass
during a Hooke's law investigation.

f The mass of a ball was taken three times, with the
following results: 147.9g, 174.8g and 147.6g.

Analysis

List the following types of hazard control from the
most effective to the least effective.

substitution, personal protective equipment,
administrative controls, elimination, engineering
controls

Explain the reasons for having an SDS for each
chemical used in the laboratory.

Describe the appropriate action to take if you came
into contact with a chemical substance with the
following label on the container.

Ay

9 Astudent included the following diagram of the experimental setup in her method. Use the diagram to write clear

instructions for the method. The aim of the experiment is to investigate the impact of launch velocity on the range of

a projectile.
ramp - pall
/ 20 cm
[l T T
10-30°

!
|

projectile path

d X

carbon paper
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1.3 Data collection and quality

Measurements and observations made during a scientific investigation together
form a picture of what occurred during the investigation. This is the raw data
(Figure 1.3.1). The raw data needs to be analysed and then represented using
tables, graphs, schematics or diagrams in accordance with correct mathematical
and scientific conventions.

Choosing not to record certain measurements or observations in your raw data
makes the experiment invalid, may show bias and is scientifically fraudulent. Unusual
and unexpected measurements and observations may be due to valid relationships
between variables that are unknown to science. This cannot be determined until the
raw data is processed, analysed and interpreted. Results that are determined to be
mistakes can be ignored only once proper analysis has occurred.

In this section you will learn about recording quantitative data. You will also
learn about the various factors that contribute to data quality and the importance
of controlled experiments in producing valid results.

&

FIGURE 1.3.1 All measurements and data collected during an experiment constitute the raw data.

RECORDING QUANTITATIVE DATA

The measurements or observations that you make during your investigation are
your primary data. When planning your investigation, you may have decided to
use secondary data as well (that is, data you have not collected yourself).

The logbook

Careful and accurate record keeping is essential to good science. It is important
that the methods you use in your investigations, observations, analysis of data and
conclusions are recorded. This ensures that the way your investigation was carried
out, as well as your observations, analysis and conclusions, can be shared with
others who can verify your work.

One way of recording investigations is with logbooks. Throughout Units 3 and
4, and during your practical investigation for Unit 4 Area of Study 2, you must keep
a logbook that includes every detail of your research.



The following checklist will help you remember what to include in your logbook.
your ideas when planning the research

clear protocols for each stage of your investigation (for example, what standard
procedures you will use and follow exactly each time)

instructions, noting exactly what needs to be recorded
tables ready for data entry

records of all materials, methods, experiments and raw data
all notes, sketches, photographs and results

Oooooog Ood

records of any incidents or errors that may influence the results
The data you record in your logbook is raw data. This data needs to be
processed or analysed before it can be presented. Processed data is raw data that
has been organised, altered or analysed to produce meaningful information. If an
error occurs in processing the data, or you decide to present the data in a different
format, you will always have the recorded raw data to refer back to.

Raw data is unlikely to be used directly to validate a hypothesis. However, raw
data is essential to the investigation, and plans for collecting the raw data should
be made carefully. Consider the formulas or graphs that will be used to analyse the
data at the end of the investigation. This will help you to determine the type of raw
data that needs to be collected.

For example, to calculate take-off velocity for a vertical jump, three sets of raw
data will need to be collected using a force platform: the athlete’s standing body
mass, the ground reaction force and the time during the vertical jump. The data can
then be processed to obtain the take-off velocity.

The data that you collect must relate directly to the variables in your experiment
and be relevant to the proposed relationship set out in your research question and
hypothesis. It must also be sufficient to provide accuracy and precision, otherwise
the analysis and interpretation of the data will not be valid in relation to the research
question or hypothesis.

Collecting sufficient data

You need to collect enough data to substantiate whether or not a relationship exists
between the variables you are studying. This includes collecting an appropriate
number of individual samples (also known as observational or collection points)
and an appropriate number of replicates. It is also important to collect data around
interesting points in your range, such as where a curve representing the data reaches
a maximum or minimum.

Together, the number of individual samples and replicates determines the
sample size. A sufficient sample size is essential for your interpretation to be
considered supported.

Collecting relevant data

The variables you measure (that is, the data collected) must be directly related
to the independent—dependent variable relationship specified in your hypothesis.
Additional variables can be measured that are indirectly related to your hypothesis
if your background research shows it could be beneficial in the analysis or
interpretation of the relationship specified in your hypothesis.

MEASUREMENT AND UNITS . .
0 Seven fundamental units are specified
Every science needs a system of units in order to fully describe the measurements in the SI. They are the metre, kilogram,
that are made. In physics, measurements are described using the International second, kelvin, ampere, mole and
System of Units (known as SI). candela.
. . The majority of other units used
Usmg unit symbols in physics are a mathematical

combination involving at least one of
the seven fundamental units. These are
called derived units.

The correct use of unit symbols removes ambiguity, as symbols are recognised
internationally. The symbols for units are not abbreviations and should not be
followed by a full stop unless they are at the end of a sentence.
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The names and symbols for units are treated differently. Upper case letters
are not used for the names of any physics unit names when written in full. For
example, we write ‘newton’ for the unit of force, while we write ‘Newton’ if referring
to someone with that name. Upper case letters are only used for the symbols of the
units that are named after people. For example, the unit of length is metre and its
symbol is m. This is lower case because metre is not named after anyone. However,
the unit for force is newton and its symbol is N; the unit for energy is joule and its
symbol is J. N is upper case because the newton is named after Isaac Newton and
J is upper case because the joule is named after James Joule (who is famous for his
studies of energy conversion). The exception to this lower case — upper case rule
is L for litre. Litre is not named after anyone, but we capitalise L. because, in many
fonts, a lower case I’ looks very similar to the numeral 1, a similarity that could lead
to ambiguity and confusion.

The product of units is shown by separating the symbol for each unit with a dot
or a space. Most teachers prefer a space but a dot is equally correct. The division
or ratio of two or more units can be shown in fraction form, by using a slash or by
using negative indices.

Prefixes—such as the k in kg—should not be separated by a space.

Table 1.3.1 gives some examples of the correct symbols and format for SI
derived units.

TABLE 1.3.1 Examples of the use of symbols for derived units

ms~ m.s™ ms?
m/s?

kW h kW.h kWh

kWh

kgm kg.m kgm™
kg/m?

pum um

Nm N.m Nm

Units take the plural form by adding an ‘s’ when used with numbers greater
than one. Never do this with the unit symbols. Hence it is acceptable to write ‘two
newtons’ but wrong to write ‘2 Ns’. It is also acceptable to say ‘two newton’.

Numbers should always be used if a unit is abbreviated. For example, twenty
metres, 20m and 20 metres are all correct but twenty m is incorrect.

Significant figures

Significant figures are the numbers that convey meaning and precision. The
number of significant figures used depends on the scale of the instrument you are
using. It is important to record data to the number of significant figures available
with the instrument. Using either a greater or smaller number of significant figures
can be misleading.
The following examples indicate how the number of significant figures is
determined.
* Non-zero numbers are always significant: 15 has two significant figures; 3.5 has
two significant figures.
* Trailing zeroes to the right of the decimal point are significant: 3.50 has three
significant figures.
* Leading zeros are not significant: 0.037 has two significant figures.
e Zeros between non-zero digits are significant: 1401 has four significant figures.
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Some numbers may have an ambiguous number of significant figures. For
example, 100 could have three or one significant figure. In VCE Physics, for
simplicity, trailing zeros are significant, thus 100 is taken as having three significant
figures.

The number of significant figures in the result of a calculation should never
exceed the minimum significant figures in any component of the calculation. For
example:

Calculate gravitational potential energy (£,) using the formula E, = mgAh when
g=9.8ms”>, m=7.50kg and /2 = 0.64 m.

The calculation is:

E,=7.50%x9.8x0.64=47.04]

However, you should only quote the answer to the least number of significant
figures in the component data. In this case, quote the answer to two significant
figures: £, =47].

Although digital scales can measure to many more than two figures, and
calculators can give 12 figures, you should follow the significant-figures rule.

Scientific notation

For clarity, quantities are often written in scientific notation. A number between
one and ten (but excluding ten) is written and then multiplied by an appropriate
power of ten. Note that ‘scientific notation’, ‘standard notation’ and ‘standard form’
all have the same meaning.

Examples of some measurements rewritten in scientific notation are:

0.054m becomes 5.4 x10°m

245.7] becomes 2.457 x 10°]

2080N becomes 2.080 x 10°N

You should routinely be using scientific notation to express very large or very
small numbers. This also involves learning to use your calculator intelligently.
Scientific and graphing calculators can be put into a mode where all numbers are
displayed in scientific notation. It is useful when doing calculations to use this mode
rather than converting to scientific notation by counting digits on the calculator
display. It is quite acceptable to write all numbers in scientific notation, although
most people prefer not to use scientific notation when writing numbers between
0.1 and 1000.

An important reason for using scientific notation is that it removes ambiguity
about the precision of some measurements. For example, a measurement recorded
as 240 m could be a measurement to the nearest metre, that is, somewhere between
239.5m and 240.5m. It could also be a measurement to the nearest ten metres, that
is, somewhere between 235m and 245 m. Writing the measurement as 240 m does
not indicate which level of precision is the case. If the measurement was taken to
the nearest metre, it would be written in scientific notation as 2.40 x 10°m. If it was
taken only to the nearest ten metres, it would be written as 2.4 x 10°m.

Prefixes and conversion factors

Conversion factors should be used carefully. You should be familiar with the prefixes
and conversion factors inTable 1.3.2 on page 26. The most common mistake made
with conversion factors is multiplying rather than dividing. Some simple strategies
can help you avoid this problem. Note that the table gives all conversions as a
multiplying factor.

It is important to give the symbol the correct case (upper or lower case). There
is a big difference between 1 mm and 1 Mm.

There is no space between prefixes and unit symbols. For example, one-
thousandth of an ampere is given the symbol mA. Writing it as mA is incorrect.
The space between m and A would mean that the symbol is for a derived unit—a
metre ampere.

In VCE Physics, for simplicity, trailing
zeros are significant, thus 100 is taken
as having three significant figures.
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TABLE 1.3.2 Prefixes and conversion factors

1000000000000 102 tera

1000000000 10° giga G
1000000 10° mega M
1000 10° kilo k
0.01 102 centi &
0.001 1073 milli m
0.000001 10° micro n
0.000000001 107 nano n
0.000000000001 10712 pico P

PRESENTING DATA

The raw data you have obtained should be presented in a way that is clear, concise
and accurate.

There are a number of ways of presenting data, including tables, graphs,
flow charts and diagrams. The best way of visualising the data depends on its
nature. To create the best possible presentation, try several formats before making
a final decision.

Presenting raw and processed data in tables

Tables organise data into rows and columns and can vary in complexity according
to the nature of the data. Tables can be used to organise raw data and processed
data. They can also be used to summarise results.

The simplest form of a table is one with two columns. In a two-column table, the
first column should contain the independent variable (the one being changed) and
the second column should contain the dependent variable (the one that may change
in response to a change in the independent variable).

Tables should have the following features:

» adescriptive title (preceded by “Table #’ where 7 is the table number)

e column headings (including the units)

» scientific notation used in the column header for very small or very large
numbers

e an indication of the precision of the data

» consistent use of significant figures

o figures that align on the decimal points

* the independent variable placed in the left column

e the dependent variable placed in the next column to the right
e replicate measurements

e calculated averages as required.



The table in Figure 1.3.2 has been used to organise raw and processed data
about the effect of current on voltage.

Table 1: Effect of current on voltage clear title

Current (A) Voltage (V) Resistance heading for each column
+5mA +5mV (Qor VA ™ (units in brackets)
0.05 1.81 36.20
0.05 1.56 31.20
0.04 1.42 35.50
0.04 1.24 31.00 <—| repeat measurement
0.03 1.05 35.00
0.03 0.93 31.00 consistent use of
0.02 0.76 38.00 |- significant figures
0.02 0.63 31.50
A A
independent| | dependent
variable variable

FIGURE 1.3.2 A simple table listing the raw data obtained in the first and second columns and
processed data in the third column

Several statistical measures are used that help describe data accurately. They
include the mean, median, mode and uncertainty.

The mean is the average of the data, and can be obtained by adding all the
measurements and dividing by the total number of measurements.

The median is the middle value of an ordered list of values (that is, there are
as many values less than the median as there are greater than it). For example, the
median of the values 5, 5, 5, 8,9, 10, 20 is 8. The median is preferred when the data
range is spread, especially when the data includes unusual results (also known as
outliers). In this situation the mean is unreliable.

The mode is the value that appears most often in a data set. This measure is
useful to describe qualitative or discrete data. For example, the mode of the values
5,5,5,8,9,10,201s 5.

The measurement uncertainty is an indicator of the precision of the equipment
used (as discussed in Section 1.2) and should be included in the heading of each
relevant column, as shown in Figure 1.3.2.

It is good practice to repeat experiments and collect data for several trials. In
this case, the table of processed data usually presents the mean of the replicates.
However, the mean on its own does not provide an accurate picture of the results. To
report processed data more accurately, the overall uncertainty should be presented
as well. More detail about uncertainty is discussed in Section 1.4.
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1.3 Review

SUMMARY

» Record primary and secondary data in a logbook.

» Make sure you record your data with the correct
units and to an appropriate number of significant
figures.

» Collect enough data to substantiate whether or not
a relationship exists between the variables you are
studying.

* Make sure the data you collect is directly related to
the independent-dependent variable relationship
specified in your hypothesis.

« Physics uses the International System of Units (SI).

« There are seven fundamental units: metre, second,
kilogram, kelvin, mole, ampere and candela. Most
other units in physics are derived from these units.

» The Sl prefixes are symbols that go before a unit
and indicate multiplication of the unit by a power
of 10.

KEY QUESTIONS

Knowledge and understanding

1 Explain the difference between raw and processed
data.

2 Forthe data set 21, 28, 19, 19, 25, 24, 20, determine:

a the mean
b the mode
¢ the median.

3 In a practical investigation a student changes the
voltage by adding or subtracting batteries in series to
the circuit.

a How could the voltage be a discrete value?
b How could it be continuous?

Analysis

8 Clancey recorded the data below to test the following hypothesis: the length of the wire wound into a solenoid affects
the magnetic field inside the solenoid. Assess whether or not sufficient and relevant data was collected and suggest
improvements in the way the data is presented in the table.

Units with a prefix (such as km or mA) should be

converted into scientific notation before they are

used in a physics formula.

Significant figures should be considered in

calculations using your data. Quote the results

of calculations to the least number of significant

figures of your data.

Descriptive statistics includes three measures of

central tendency:

— mean, which is the sum of the values divided by
the number of values

— median, which is the middle value in an ordered
list of values

— mode, which is the value that occurs most often in
a list of values.

Convert 2.5mm (millimetres) into um (micrometres).

5 If using the quantities mass = 7.50kg and

speed = 1.4ms™" in a calculation, what would be
the appropriate number of significant figures in the
answer?

6 a Write 255000 in scientific notation.

b Write 0.000000432 in scientific notation.
¢ Explain why scientific notation is used.

7 Write the following measurements in scientific

notation to the stated number of significant figures.
a 6.626 x 10 Js to 3 significant figures
b 0.00178330MeV to 3 significant figures

Length of | Thickness of | Current through | Length of Diameter of Type Magnetic field Brand of
wire (m) | wire (mm) wire (A) solenoid (cm) | solenoid (cm) of wire | inside solenoid (T) | wire
0.50 0.31 0.02 12 34 copper 40.0 Ruby and
Macey's
House of
Wire
1.00 0.31 0.02 12 34 copper 20.0 P&L
1.50 0.31 0.02 12 34 copper 133 P&L

28
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1.4 Data analysis and presentation

A major problem with making a calculation from just one set of measurements is
that a single incorrect measurement can significantly affect the result. Scientists
like to collect a large amount of data and observe the trends in that data. This
gives more precise measurements and allows scientists to recognise and eliminate
problematic data.

Physicists commonly use tables and graphical techniques to analyse large sets of
data (Figure 1.4.1). Trends in data are often easier to observe in graphs than in
tables. In this section, the basic graphing techniques physicists use will be outlined
and a general method for fitting a mathematical relationship to a set of data will be
explored.

Atmospheric CO, at Mauna Loa Observatory

Scripps Institution of Oceanography
400 NOAA Earth System Research Laboratory

Parts per million
(O8]
(o))
S
1

(O8]

FiN

o
1

320+

1960 1970 1980 1990 2000 2010 2020
Year
FIGURE 1.4.1 Graphical techniques are often used to find trends in data.

GRAPHICAL ANALYSIS OF DATA

There are several types of graphs that can be used, including line graphs, bar
graphs and pie charts. The best one to use will depend on the nature of the data.
Table 1.4.1 on page 30 lists some suitable graphs for quantitative discrete data (data
from measuring discrete variables) and continuous data (data from measuring
continuous variables).

General rules to follow when plotting a graph are listed below. Figure 1.4.2 on
page 31 illustrates these rules. (Note that these rules do not apply to all types of
graph.)
¢ Keep the graph simple and uncluttered.

e Use a descriptive title.

¢ Represent the independent variable on the x-axis and the dependent variable
on the y-axis.

e Make axes proportionate to the data.

e Clearly label axes with both the variable and the unit in which it is measured.

e Use scientific notation where appropriate.

You can extrapolate (extend the trend line beyond the obtained data) to predict
other values—for example, to determine where the graph intersects the axes. Take
care, however, because the relationship between variables may not hold beyond the
measured data.
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TABLE 1.4.1 Suitable graph types for quantitative data

discrete bar graph Distribution of elements and compounds from sample analysis
histogram

pie chart

nitrogen (N,), 78%

minute traces of neon (Ne),
helium (He), methane (CH,),
krypton (Kr), hydrogen (H),

xenon (Xe) and ozone (O,)

carbon dioxide (CO,), 0.04%
———— water vapour (H,0), 0.4%

————— > argon (An), 1%

Pie chart showing distribution of elements and compounds from an analysis of a
sample

continuous line graph or scatterplot, including

. : Radiation intensity through
a trend line if appropriate

different thicknesses of material
600 x
& 500 X
= X
400 -
=S
> 300 X
‘v X
200 X
100 X
0

Intens
X

T T T T T T 1
0 5 10 15 20 25 30 35
Thickness (mm)

Scatterplot of the radiation intensity through different thicknesses of material

Comparison of potential difference induced in
secondary coil for transformers A and B
0.6
0.5+
0.4
0.3+
0.2
0.1+ >

0

secondary coil (V)

Potential difference across

| T T | T T
0 2 4 6 8 10 12
Potential difference across
primary coil (V)
Graph, including a trend line, showing results of an investigation into two different
transformers to see which is better to use with a model motor
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Graph 1: Velocity of glider versus time as it travels down an inclined air track

Velocity (cms-) \ Always give a descriptive title
to the graph or diagram.
40 —
’
’ .
] ] e extrapolation
Always mark where an axis value is. ,
7
’
30

uncertainty bar

Draw line of best fit.

Use a ruler for straight

L AI\Ivays vlvrltcT lines and a practised
values clearly. sweep for curves.

-
20

If you have an outlier, go
back to your workings
and check it again to see

10 ‘ X
/ if you can explain why.

The line of best fit does not need to pass through the origin (0, 0).

/

T T T T T T T Time (s)
0.5 1.0 1.5 2.0 2.5 3.0 35
Different scales Give the quantity name
may be used. in full, with units in brackets.

FIGURE 1.4.2 A graph showing the relationship between two variables

Line graphs

Line graphs are a good way of representing continuous quantitative data. In a line

graph, the values are plotted as a series of points on the graph. There are two ways

of joining these points.

e A line can be ruled from each point to the next (Figure 1.4.3(a)). This may
show the overall trend but it is not meant to predict the value of the points
between the plotted data.

e The points can be joined with a single smooth line, straight or curved
(Figure 1.4.3(b)).This creates a line of best fit, also known as a trend line. The
line of best fit does not have to pass through every point, but should go close
to as many points as possible. It is used when there is an obvious relationship
between the variables.

Outliers

Sometimes when the data is collected, there may be data points that do not fit
with the trend and are clearly a mistake or a random error. These points are called
outliers. An outlier is often caused by a mistake made in measuring or recording
data, or from a random error that occurred during the investigation. If there is
an outlier, include it on the graph, but ignore it when adding a line of best fit. In
Figure 1.4.2 the point (1.5, 6) is an outlier.

@ Height of river at bridge flood gauge
-~ 3
£
& - ]
£ TN
5 NN LA
5 AR ANED
[} — 4 2
T o0
J] FMAM]J] J] ASOND
Months 2010
b
L) Stopping distance for car
£ 50 »
Y 40
5 30
o
S 20 P
téo -~
‘% 10 o
= 0
n 0 20 40 60 80

Speed of car (km h™")

FIGURE 1.4.3 (a) Data in the graph is joined
from point to point. (b) Data in the graph is
joined with a line of best fit, which shows the
general trend.

CHAPTER 1 | SCIENTIFIC INVESTIGATION 31



O Linear relationships are usually

32

written as:
y=mx+c
where m is the gradient
c is the y-intercept.

CHAPTER 1 | SCIENTIFIC INVESTIGATION

Describing trends in line graphs

Graphs are drawn to show the relationship, or trend, between two variables

(Figure 1.4.4).

e Variables that change in linear or direct proportion to each other produce a
straight, sloping trend line that shows a linear relationship, illustrated in
Figures 1.4.4(a) and (b).

e Variables that produce curved trends include inversely proportional variables
(Figure 1.4.4(c)); variables where one varies according to the square of the other
(Figure 1.4.4(d)); variables where one varies exponentially or logarithmically
with respect to the other (Figure 1.4.4(e) and (f)); and many other relationships.

* Variables that have a periodic relationship produce an oscillating relationship
(Figures 1.4.4(g) and (h)).

*  When there is no relationship between two variables, one variable does not
change when the other variable changes (Figure 1.4.4(1)).

Remember that your results may be unexpected and not match the type of
graph you predicted. This does not make your investigation a failure. However, the
findings you report must be related to the hypothesis, aims and method.

Linear relationships

Some relationships studied in physics are linear, that is, they can be represented
by a straight line. Linear relationships and their graphs are fully specified with just
two numbers: the gradient, m, and the vertical axis intercept, ¢. In general, linear
relationships are written:
y=mx+c
The gradient, m, can be calculated from the coordinates of two points on the
line:
" run
Vo=V

Xy =X

where (x,,y,) and (x,,y,) are any two points on the line.

When analysing data from a linear relationship, you may need to find the equation
for the line that best fits the data. This line of best fit is also called a regression line.
The entire process can be done on paper, but it may be more convenient to use a
computer spreadsheet, calculator or some other computer-based application. The
benefit of using a digital tool is that the straight line that is produced will be the
very best fit for the data. If you plot a line of best fit by eye, some subjectivity will
be introduced.



(a)

Linear relationship

=Y

+ Positive relationship—
as x increases, y increases.
General equation:
y=mx+c
m = gradient
¢ = y-intercept

(d)
Parabolic relationship

+ As x increases, y increases
slowly, then more rapidly.

General equation:
y = kv’
k = constant

®

Sine

=Y

\J

* Periodic relationship—oscillates
between a maximum and
minimum.

General equation:

y = Asin(wx)

A = amplitude

w = angular frequency of the
motion

/

(b)

Linear relationship

<

* Negative relationship—
as x increases, y decreases.
General equation:
y=mx+c
m = gradient
¢ = y-intercept

(e)

Exponential decay

* As x increases, y decreases rapldly,
then more slowly, until a minimum
y-value is reached.

General equation:

y =Ae

k = constant

e = mathematical constant 2.718...

(h)

Cosine

LS

/

* Periodic relationship—oscillates
between a maximum and
minimum.

General equation:

y = Acos(wx)

A = amplitude

® = angular frequency of the
motion

FIGURE 1.4.4 Various relationships can exist between two variables.

()

Inverse relationship

X
* As x increases, y decreases rapidly,
then more slowly, approaching a
minimum y value.

General equation:

_k
V=3
k = constant

()

Logarithmic relationship

=Y

General equation:
= log(x)

No relationship

X

+ As x increases, y remains the same.
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If you are plotting your graph manually on paper and fitting a regression line by

eye, proceed as follows:

1
2
3

W N =

S W

Plot each data point on clearly labelled, unbroken axes.

Label, but otherwise ignore, any suspect data points (outliers).

Draw by eye the line that best fits the points. The points should be evenly
scattered either side of the line.

Locate the vertical axis intercept and record its value as c.

Choose any two points on the line of best fit and calculate the gradient. These
points can be from the original data you plotted, or just any two points, so long
as they lie on the line. The gradient is the value m.

Write y = mx + ¢, replacing x and y with appropriate symbols, and use this
equation for any further analysis.

If you are using a spreadsheet or calculator, proceed as follows:

Create a table of the raw data.

Plot a graph of the raw data.

Identify outliers and create another data table without them.

Plot a graph of the data without the outliers. Keep both graphs as you should
not discard suspect data, but you can eliminate it from your analysis.

Plot the line of best fit, that is, the regression line.

Compute the equation of the line of best fit that will give you values for m and
c. (Many software programs and calculators will calculate these values for you.)
Write y = mx + ¢, replacing x and y with appropriate symbols, and substituting
in the values of m and ¢ that were calculated. Use this equation for any further
analysis.

Make sure you consider the units on your x and y axes when you state the values

for m and ¢ or use them for further calculations. For example, if you have plotted
time in ms on the x-axis and speed in ms™' on the y-axis, your value for m, the
acceleration, will not be in ms™.

Worked example 1.4.1

F

INDING A LINEAR RELATIONSHIP FROM DATA

A group of students used a computer with an ultrasonic detector to obtain

the speed-time data for a falling tennis ball. They wished to measure the
acceleration of the ball as it fell. Their hypothesis is that the acceleration would
be nearly constant and that the relevant relationship is v = u + at, where v is

the speed of the ball at any given time, u is the speed when the measurements
began, a is the acceleration of the ball and t is the time since the measurements
began.

Their computer returned the following data:

Time (s) ‘ Speed (ms™)
0.0 13673
0.1 24973
0.2 3.4804
03 4.5991
0.4 5.7969
0.5 6.8139
0.6 7.8874

Using a spreadsheet or calculator, find their experimental value for acceleration.




Thinking

Working

Decide which axes
each variable should
be placed on.

The dependent variable is the speed, so it will go on the
y-axis.
The independent variable is the time, so it will go on the
X-axis.

Graph the data as
a scatterplot and
generate the line of
best fit through the
points.

Speed as a function of time

—

Speed (ms™)
= NDWPAUAAIXO O
.

I

+E y = 10.896x + 1.3657
=

0.1 02 03
Time (s)

04 05

|
e
=
o

06 0.7 038

Using the
functionality of the
spreadsheet or
calculator, find the
equation for the line
of best fit. Instead of
y and x, you should
use vand t.

v=10.896t + 1.3657

State the linear
relationship in the
form required.
Express all numbers
to 2 significant
figures.

v=10.896t + 1.3657
v=14+ 11t

Note that linear relationships can be written in the form
y=mx+cory=c+mx

State the answer.

The acceleration is 11 ms™.

Worked example: Try yourself 1.4.1
FINDING A LINEAR RELATIONSHIP FROM DATA

A student conducted an experiment to calculate the acceleration due to gravity,
8. The force due to gravity, f,, is known to be equal to mg.

The downward force was measured for a variety of different masses. It was
measured using a spring scale with precision to 2 decimal places. The mass was
measured with electronic scales to the nearest 10g.

Using a spreadsheet

Mass (kg) ‘ Force (N)

0.25 2.49
0.50 4.89
0.75 7.48
1.00 9.79
1.25 1241

or calculator, find the experimental value for the

acceleration due to gravity, g, to 2 significant figures.
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Non-linear relationships

Suppose you were examining the relationship between two quantities, B and d, and
had good reason to believe that the relationship can be expressed as:

B=%
d

where k is some constant. This is similar to y = % If you draw this graph using your
calculator, you will see that this relationship is non-linear. Therefore a graph of B
against d will not be a straight line. However, the relationship can be restated by
making the following substitutions:

B=kl

d
T
y=mx+c

. . . 1 . . .
A graph of B (on the vertical axis) against 7 (on the horizontal axis) will be

linear. The gradient of the line will be & and the vertical intercept, ¢, will be zero.

The line of best fit would be expected to go through the origin because, in this case,

there is no constant added and so c¢ is zero.

In this example, a graph of the raw data would simply show that as d increases,
B decreases. It would be impossible to determine this relationship just by looking at
a graph of the raw data.

Although a graph of raw data will not reveal the mathematical relationship between
the variables, it can give some clues. The shape of the graph might suggest a possible
relationship. Several relationships can be tried and then the best chosen. This does not
prove any relationship, but it could provide strong evidence of a particular relationship.

When an experiment suggests that the relationship being explored is non-linear,
the following procedure—called linearising the data—is followed.

1 Plot a graph of the original raw data.

2 Choose a possible relationship based on the shape of the initial graph and your
knowledge of various graphical forms. Refer to Figure 1.4.4 on page 33 for
guidance.

3 Restate the relationship so that it mimics the form y = mx + c.

4 Make a new table of the data using the linear relationship.

5 Derive the line of best fit.

It may be necessary to try several relationships to find the one that best fits
the data.



Worked example 1.4.2
FINDING A NON-LINEAR RELATIONSHIP FROM DATA

A group of students investigated the relationship between current and
resistance for a new solid-state electronic device. They obtained the data
shown in the following table. The current was measured using an ammeter with
precision to 1 decimal place and the resistance was measured to the nearest
ohm using a multimeter.

Current, I (A) ‘ Resistance, R (Q2)

15 22
1.7 39
2.2 46
26 70
3.1 110
34 145
39 212
4.2 236

According to the theory they had researched, the students believed that the
relationship between [ and R is

R=dP+g
where d and g are constants.

By linearising, manipulating the data accordingly and graphing, find the
experimental values for d and g. Use a spreadsheet or calculator to assist with
finding the line of best fit.

Thinking Working

Plot a graph of the raw data. Current versus resistance

for new device

2504
[ ]
200- o
G
g 1501 .
[
S
ﬁ 1004 nd
e °
50- . .
[ ]
0 T T T ; :
0 1 2 3 4 5
Current (A)

The second data point was considered an
outlier and the students chose to ignore it.

Linea_lrise the re_lations_hi_p; R=dP+g
that is, restate it to mimic the

form y=mx+c. T
A graph of R on the vertical y=mx +¢

axis and P’ on the horizontal
axis has a gradient of d and a
vertical axis intercept of g.
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Make a new table of data
manipulated according to the
linear relationship. The data
is manipulated by finding the
cube of each of the values for
current, that is, I°.

Current cubed, I° (A% ‘ Resistance, R (Q2)

3.38 22
10.65 46
17.58 70
29.79 110
39.30 145
59.32 212
74.09 236

Plot the graph using the
manipulated data.

Current cubed versus resistance
for new device

correct units.

300 T \
50 y=23.1412x + 15.092
< o
g 200
S 150
7 100
x5 ad
0 i
0 20 40 60 80
Current cubed (A3)
Using the functionality of a y=3.1x+15.1
spreadsheet or calculator,
find the equation for the line
of best fit.
Restate the equation using / R=3.1P+15.1
and R.
Give the values for d and g. d=3.1QA3
Remember to include the g=15.10

Worked example: Try yourself 1.4.2
FINDING A NON-LINEAR RELATIONSHIP FROM DATA

3 decimal places.

A group of students investigated the relationship between the distance from a
source and the intensity of sound emanating from that source. They obtained
the data shown in the following table. Distance was measured using a metre
rule and intensity was measured using an app that displays the intensity to

Distance, r (m) ‘ Intensity, / (Wm™?)
1 0.040
2 0.010
3 0.005
4 0.003
5 0.002

the line of best fit.

According to a theory they had researched, the students believed that the
relationship between [and ris | = rBZ , where P is a constant.

By appropriate manipulation and graphical techniques, find the students’
experimental value for P. Use a spreadsheet or calculator to assist with finding




EVALUATING THE QUALITY OF DATA

Raw data can be processed in numerous ways. Processing data is usually done
to reveal any trends, patterns, uncertainties, mistakes, outliers and results of
significance that may exist in the data, including relationships between any variables
(for example, the dependent and independent variables). It is important to discuss
the limitations of your method of investigation and any effect these limitations may
have had on the data collected. Specifically, you should look for anything that may
have affected the validity, accuracy, precision or repeatability of the data. Sources
of errors and uncertainty must also be stated in the discussion section of the final
report on your investigation.

When analysing data, it is important not to select processes that demonstrate
only what you want to see. Bias will result from using analysis tools (such as
statistics) inappropriately and this may lead to invalid conclusions. It might also be
a case of academic fraud. Quality scientific analysis processes raw data as it is and
is open to any result.

Bias

In Section 1.3 you learnt about recording data during an experiment. It is important

that bias is not introduced during the data-recording process. Bias is a form of

systematic error resulting from the researcher’s personal preferences or motivations.

There are many types of bias, including:

e poor definitions of concepts or variables (e.g. classifying cricket pitches as slow
or fast according to their interaction with a cricket ball without defining ‘slow’
and ‘fast’)

e incorrect assumptions (e.g. that footwear type, model and manufacturer does
not affect ground reaction forces and, as a result, failing to control for these
variables during an investigation into slip risk on different indoor and outdoor
surfaces)

e errors in the design or methodology of the investigation (e.g. testing car-safety
features without taking into account different heights of people).

Bias may occur in any part of an investigation, including sampling and
measurement.
Some biases cannot be eliminated, but they should be noted in the discussion.

Analysing precision

Section 1.2 highlighted the importance of designing an investigation that will
minimise errors and ensure accuracy, precision and validity. Understanding
uncertainty and precision is also vital in any analysis of data. In physics there
is always variation in measurements. In your experiment you should determine
whether the variation is caused by systematic or random errors, in other words,
how much variation in the collected data is due to the instruments and how much
is due to nature.

The precision and uncertainty of instruments must always be displayed as a
range of data next to the results (measurement * uncertainty). If calculations are
performed with the results, then corresponding calculations must also be done with
the uncertainties. When the total uncertainty is known, then it can be established
whether variation in the data is due to the instrument or to the variables being
tested.
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If the measurements from repeated trials fall within the uncertainty range of the
instrument, then the variation in results could simply be due to the instrument. If
the difference between the measured results is greater than the uncertainty range,
then the variation in the results is not due to the instrument and must therefore be
due to other variables.

It is important to understand the accuracy and precision of the instruments
used in an investigation, because they affect the interpretation of the results. There
are a few ways to analyse precision, such as by considering:

* measurement uncertainty, which is the precision of the instrument and explains
instrumental variation in the measured results

* range, which is the difference between the smallest and largest measurement

e tendency (e.g. the mean), which is the potential variation in instrumental
measurements due to the instrument’s design or increments.

Analysing validity and theoretical relationships

In processing the data and results you will look for trends, patterns or differences. A
common process for analysing data is to make statistical calculations to determine
likely true values, uncertainties, errors and the significance of the measurements.
Once the quality of the data is understood, then the validity can be analysed in
relation to established theoretical concepts.

Analysis can also find anomalies and outliers in data that are not valid
measurements. During the experiment, your record of observations may provide a
reason for any outlier in your data. Based on this reason, you may be able to suggest
improvements in the methodology that could eliminate outliers.

ESTIMATING THE UNCERTAINTY IN A RESULT

Uncertainty has been considered in this chapter in relation to instrument precision.
You should be aware that scientists also routinely estimate uncertainty in calculations
due to the variation in results. Uncertainty due to natural variation can be treated
through statistical analysis of the data.

You will see a combination of the measurement uncertainty and the uncertainty
due to variation indicated in processed data. The measurement uncertainty will likely
be shown in the column title of a table as + uncertainty, as shown in Figure 1.3.2
on page 27. An indication of the overall uncertainty will also appear in graphical
data with the use of uncertainty bars, as shown in Figure 1.4.2 on page 31 and in
Figure 1.4.5 below. You are not expected to calculate the overall uncertainty for the
purposes of VCE Physics, but when you interpret results you should recognise that
uncertainty indicates a limitation of the data.

y , Graph showing uncertainty bars
0.8 -
0.6 -

0.4 —

0.2

0.0

I I I I
0.2 0.4 0.6 0.8 *
FIGURE 1.4.5 The horizontal uncertainty bar indicates an x-value of 0.6 £ 0.1. The vertical
uncertainty bar indicates a y-value of 0.5 £ 0.2.




There are several ways to estimate the overall uncertainty in your data and your
teacher will explain the method that best suits your needs. Some of these methods
track the effect of instrument precision on calculations, others analyse the variation
of the data from the mean.

Uncertainty bars

Uncertainty bars (often called error bars) indicate the absolute uncertainties
in the independent values or dependent values. They are drawn as a horizontal
line centred on the data point and with a length indicating the uncertainty of the
independent variable, and as a vertical line centred on the data point with a length
indicating the uncertainty of the dependent variable (Figure 1.4.5). The uncertainty
bars can be viewed as forming an uncertainty rectangle, with the true measurement
falling somewhere within that rectangle.

The shorter the uncertainty bars are for a given point, the more precise is the
measurement.

When data is represented by a straight line of best fit, uncertainty bars can
be used to determine the uncertainty in the gradient and the y-intercept. Vertical
uncertainty bars extend from the minimum to maximum gradient.

e The maximum gradient line is found by drawing a straight line that passes
through all the uncertainty rectangles at the steepest possible gradient.

e The minimum gradient line is found by drawing a straight line that passes
through all uncertainty rectangles at the shallowest possible gradient.

Note that this can be tedious to do by hand. Software is available that will do it
automatically.

Figure 1.4.6 shows an example of a linear line of best fit with maximum and
minimum gradient lines.

Distance a toy car travels
over various times

6_
5 —
4_
g —— maximum gradient line
? 37 —— minimum gradient line
B —— line of best fit
£ 2
g
C
g 1-
@
=)
07— T T T T T
/ 1 2 3 4 5 6
-1 Time (s)
2

FIGURE 1.4.6 An example of a linear graph showing the line of best fit, uncertainty bars, and
maximum and minimum gradient lines. The minimum and maximum gradient lines are used to
determine the uncertainty in the gradient and y-intercept.

Uncertainty bars (or error bars)
provide a graphical representation of
the uncertainties in the independent
and dependent variables.
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ANALYSIS
The Hubble constant

In 1924 the Russian scientist Alexander Friedmann

used Einstein’s general theory of relativity to develop a
mathematical proof that the universe was either expanding
or contracting. For astronomers to decide if the universe
was expanding or contracting, or that Friedmann was
wrong and the universe was in fact static, they needed
some evidence.

At the time, astronomers were unsure about the size of
the universe. For example, they had not yet determined
that spiral nebulae are actually galaxies like our Milky
Way, but at vast distances away. It was Edwin Hubble who
pioneered a technique to find the distance to these other
galaxies. He was able to calculate these distances from the
brightness of stars known as cepheid variables. Cepheid
variables pulsate at regular intervals, and there is a clear
relationship between their intensity and the period of this
pulsation.

Hubble also examined the spectra from distant stars and
galaxies. He found that light from stars in the galaxies he
was analysing showed the familiar spectra of the elements
that we know on the Earth, such as hydrogen and helium.
However, all the spectral lines were redshifted, that is,
they had moved towards the red end of the spectrum.
Astronomers interpreted this redshift as indicating that the
galaxies were receding from us, and at huge speeds. This
allowed them to calculate a velocity of recession from the
redshift.

This discovery provided evidence that the universe is
expanding. These galaxies are not moving through the
universe relative to us. They appear to be moving away
from us only because the universe between us and them
is getting bigger.

Combining his research on the distance to galaxies
and their redshift, Hubble produced a graph which made
it clear that there was a relationship between certain
properties of the galaxies he had measured (Figure 1.4.7).
He found that the further away a galaxy, the faster it
seemed to be moving; that is, the speed of recession
was proportional to distance. This has become known as
Hubble’s law and is expressed by the equation:

v=H,d
where v is the speed of recession (kms™)
H, is the Hubble constant (kms™Mpc™)
d is distance (Mpc, the abbreviation for the
astronomical distance unit megaparsec)
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Recessional velocities of galaxies
at different distances from the Earth
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FIGURE 1.4.7 Hubble discovered that the galaxies were receding
from Earth and that their recessional velocities were proportional
to their distance from the Earth.

Analysis
Astronomers have found the following data for the
recessional velocity of distant galaxies:

Distance (Mpc) Recessional
velocity (kms™)

10+£5 730
31+10 2200
80+ 20 5600
84 +£22 6000
207 £ 20 15000

1 Construct a graph of the distance versus the velocity.
Include the uncertainty bars.

2 Create a line of best fit. Also create the maximum and
minimum gradient lines.

3 Determine the Hubble constant from your graph.

4 Using the relationship
max. gradient — min. gradient

uncertainty =

2
determine the uncertainty in the experimental value of
the Hubble constant.



1.4 Review

SUMMARY

» Graphs can show a wealth of information about how < An outlier is often caused by a mistake made in

two or more variables are related, including their measuring or recording data, or from a random

uncertainties. error in the measuring equipment. If there is an
« Graphs can be used to spot outliers in data. outlier, include it on the graph but ignore it when
« Graphs in physics should display: adding the line of best fit.

_ atitle + Alinear graph is easiest to analyse because it

is straightforward to calculate the gradient and
y-intercept. Such graphs can be used in further
processing the data.

— labels, scales and units on each axis
— plotted data
— uncertainty bars in the x- and y-directions
— a line of best fit.

« Common graphs in physics show linear, inverse,
parabolic, exponential, logarithmic, sine and cosine
relationships.

+ Any non-linear graph can be linearised to produce a
linear graph with modified x- and y-axes.

KEY QUESTIONS

Knowledge and understanding

1 Identify the type of relationship between the x and y
variables that is suggested in each of the following

graphs.
a b c
4 4 4
3+ 3+ 3
2 24 2
1- 1- 1-
EENE NS T S BT S
—14
2 If your hypothesis is that impact force is directly 5 Plot the following data set, assigning each variable to
proportional to drop height, what would you expect a the appropriate axis.

graph of the data to look like?

3 Describe what bias is in an investigation. Provide an caEy) ‘ pelieesle)

example. 0.06 2.07

4 Define the term ‘outlier’. 0.05 1.56
0.04 1.24

0.03 0.93

0.02 0.63

continued over page
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1.4 Review continued

6 Determine the experimental equation from the

following graph.

Extension of material when weighted

120 /
%
100 //
€ 80
E s
N
/
S {
40 /
ol /
i
2 4 6 8
Mass m (kg)
Analysis

7 Consider the graph shown below.

Physics lab graph

5
4
£
S
2

best fit line

T o 2
1
0.3333 0.6666 0.9999

Inverse frequency

a List the poor graphing techniques displayed in this
graph.

b For each poor technique you noted in part a,
indicate how the graph could be improved.

8 Below are two formulas used in physics. A description

of the shape of a graph when related raw data is
plotted is given in brackets. Assume that the symbols
A and r are constants.

Formula 1: P = AcT* (P on the y-axis and T on the
x-axis produces a rapidly rising curve.)

Formula 2: 5 = 4—7? (a on the y-axis and T on the

x-axis produces a curve that is symmetric about the

y-axis, and that rapidly decreases as T moves away

from zero.)

a Describe what modified variables, if any, need to be
plotted on each axis to produce a linear graph.

b Identify what the gradient and y-intercept become
in each case.

Zoe researches the period, T, and average orbital
radius, r, of several planets in our solar system. Her
results are shown in the table below.

Period T
(x 10° + 10°s)

Planet Average
orbital radius r

(x 107 + 10" km)

Mercury 7.6 5.8
Venus 19.4 10.8
Earth 315 15.0
Mars 59.4 228

The relationship between T and r is given in:
> An®

o GM

where G is the universal gravitational constant,

6.67 x 10" Nm?kg?, and M is the mass of the Sun in

kg (when all other units are expressed as Sl units).

a Plot a graph of the data shown in the table, with
r as the independent variable (in m) and T as the
dependent variable (in s). Add a line or curve of
best fit as well as uncertainty bars.

b Linearise the data by creating new variables for the
x- and y-axes.

¢ Draw a line of best fit for the new variables.

Determine the gradient of the line of best fit.

e Use your answer to part d to calculate the mass of
the Sun.

[
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1.5 Conclusion and evaluation

After your chosen topic has been thoroughly researched, your investigation
conducted and the data collected and analysed, it is time to draw it all together.
The final part of the investigation is to summarise your findings in an objective,
clear and concise manner in a scientific report. Ways of presenting your report, and
report formats, are discussed in Section 1.6.

EXPLAINING RESULTS IN THE DISCUSSION

The discussion is the part of a report where the method is explained and evaluated.
It is also where the results are interpreted.
The key sections of the discussion are:
e an evaluation of the investigative method
e an analysis and evaluation of the data
e an explanation of how the findings relate to established concepts in physics.
When writing the discussion section, consider the message to be conveyed and
your expected audience. Statements need to be clear and concise. At the conclusion
of the discussion, the audience must have a clear idea of the context, results and
implications of the investigation.

Evaluating the investigative method

Your discussion should evaluate your investigative methodology and methods and
identify any issues that could have affected the validity, repeatability, accuracy or
precision of the data. Any possible source of error in your experiment should be
stated. Remember that controls are essential to the repeatability and validity of your
investigation, so if you have overlooked, or were unable to control, a variable that
should have been controlled, this may explain unexpected results.

The discussion should also make recommendations for modifying or extending
the investigation. If there were sources of error in any of the methods or steps,
provide suggestions for how they could be improved so that future researchers can
benefit from your experience.

It is also important to acknowledge contradictions in data and information. Do
any of the results not match the predictions? If so, is this a result of a limitation of
the experimental design or methods? In your discussion, acknowledge these sorts
of issues and make suggestions for further experiments to address them.

Some experimental findings may lead you to formulate new research questions
and develop new hypotheses. An extension of the experiment may be to make
an alteration that will enable further investigation. For example, if the effect of
temperature has been investigated, further understanding of temperature could be
determined by using a different temperature range in a modification of the original
method.

Analysing and evaluating data

In the discussion, the findings of the investigation need to be analysed and

interpreted. A number of things need to be considered.

e State whether a pattern, trend or relationship was observed, and whether it
was between the independent and dependent variables. Describe what kind of
pattern it is and specify the conditions under which it was observed. Section 1.4
provided guidance about how to analyse trends in data.

* Acknowledge and explain any discrepancies, deviations or anomalies in the data.

e Identify any limitations in the data you collected. For example, you might think
that a larger sample or further variations in the independent variable would have
led to a more valid and reliable conclusion.
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Relating your investigation to relevant physics concepts

To make your investigation more useful—and more interesting to other physicists
or physics students—your discussion should explain how your investigation is
related to established ideas, concepts, theories or models in physics. In particular,
you should explain why you considered your hypothesis to be a worthwhile idea to
explore.

For example, if studying the impact of temperature on the linear strain of a
material (e.g. a rubber band), some of the information relevant to physics that
might be included in the discussion is:

e the functions of linear strain

* the factors known to affect linear strain

» existing knowledge on the role of temperature on linear strain

* the range of temperatures investigated and the reason they were chosen
e the materials studied and the reasons for this choice

* methods of measuring the linear strain of a material.

FRAMING YOUR DISCUSSION

By relating your investigation to relevant concepts in physics, you will have created
a framework for discussing whether the data you collected supports or refutes your
hypothesis. Ask the following questions:

e Was the hypothesis supported?

e Has the research question been fully answered? (If not, give an explanation of
why that is and suggest what could be done to either improve or complement
the investigation.)

e Do the results contradict the hypothesis? If so, why? (The explanation must be
plausible and must be based on the results and on previous evidence.)

After identifying the major findings of your investigation, compare your results
with existing relevant research and knowledge. Consider questions such as:

*  How does the data fit with the literature?
* Does the data contradict the literature?
* Do the findings fill a gap in the literature?
* Do the findings lead to further questions?
e Can the findings be extended to other situations?
Be sure to discuss the broader implications of your findings. Ask such questions as:
* Do the findings contribute to our current knowledge of the topic?
* Do the findings suggest any practical applications?
Use the points in Figure 1.5.1 to help frame your discussion.

DRAWING EVIDENCE-BASED CONCLUSIONS

The conclusion to a scientific report or paper links the collected evidence to the
hypothesis and provides a justified response to the research question.

Indicate whether the hypothesis was supported or refuted, and the evidence on
which this is based (i.e. your results). Do not provide irrelevant information. Refer
only to the specifics of the hypothesis and the research question and do not make
generalisations.



Hypothesis Theory

~ ) 4 )
: How does my data fit with the
- Wesmyhypothesis |- terature?
’ \ J
~ g 4 N
( \ D data contradict th
Has my research question = 0es mylitiraatcfrr;?ra ictthe
been fully answered? ’
\ J
™  What could be done to p ~
improve or complement the — ) .
P investiga?ion? || Do myfindingsfill a gap in the

L ) literature?

- N \ J
Do my results refute my ( - )
hypothesis? (Explanation || Do myfindings .Iead to further

must be based on my questions?
results.) \ J
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Are there any practical
= . . . .
applications of my findings?
\ J/

FIGURE 1.5.1 Points to help frame your discussion

The examples of poor and better conclusions inTable 1.5.1 may be of assistance.

TABLE 1.5.1 Examples of poor and better conclusions

Hypothesis/Research question Better conclusion

An increase in temperature will cause an Linear deformation has value An increase in temperature from 1 to 2 produced an
increase in linear deformation (change in y, at temperature 1 and value y, increase in linear deformation in the rubber band.
length) before failure. at temperature 2.

Does temperature affect the maximum The results show that temperature  Analysis of the results of the effect of an increase in
linear deformation the material can does affect the maximum temperature from 1 to 2 on the rubber band supports
withstand? deformation of a material. our current knowledge that an increase in temperature

increases the maximum linear deformation.

1.5 Review

» The discussion evaluates and explains the « Explain the hypothesis and investigation within the
investigation methods and the results you obtained. context of current thinking in physics.

* Analyse and interpret your results in the discussion » Use evidence from the data to conclude whether the
by: hypothesis was supported or refuted.

— identifying and describing any patterns, trends or
relationships in the data. Specify the conditions
under which they were observed.

— acknowledging and explaining any discrepancies,
deviations or anomalies in the data

— identifying any limitations in the data collected.

continued over page
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1.5 Review continued

KEY QUESTIONS

Knowledge and understanding
1 Consider this hypothesis: An increase in the current

passing through a single resistor in an electric circuit will
cause an increase in the voltage drop across the resistor.
Given that hypothesis, improve the following
conclusion:

When the current was 0.03A, the voltage was 0.93V
and when the current was 0.05A, the voltage was
1.81V.

Which of the following would not support a strong

conclusion to a report?

A The conclusion is relevant and provides evidence.

B The conclusion is written in emotive language.

C The conclusion makes reference to the limitations
of the research.

D The conclusion includes suggestions for further
avenues of research.

Before beginning an investigation, a student proposes
the following hypothesis: According to Newton'’s
second law, for a constant force, if the mass is increased
the acceleration is decreased.

The table shows the results obtained during the
investigation.

Mass (kg) ‘ Acceleration (ms?)
1.0 3.0
2.0 2.0
3.0 1.0

Do the results support or refute the hypothesis?
Justify your answer.

You conduct an investigation to test the following
hypothesis: If two objects are simultaneously dropped
from the same height, they will both land at the same
time.

What is one conclusion you could draw if your results
showed the following times were recorded for objects
dropped from a height of 1 m?

Object ‘ Time (s)

feather 2
tennis ball 0.5
bowling ball 0.4

5 During a practical investigation, a particular procedure
was repeated 30 times. What is the purpose of
repeating an experiment multiple times like this, and
how would it affect the conclusion you could draw
about this experiment?

6 What are the key subsections of the discussion section
of a scientific report?

Analysis

7 The following results were obtained in an experiment
testing a spring to determine the spring constant.
10
8_

5

2 6

C
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T T T T T
0.5 1.0 1.5 2.0 2.5

Weight (N)

k=%=%= 5cmN!

Which sentence below is the best concluding

statement? Give a reason why the other options are

not appropriate.

A All springs have a stiffness of 5cmN™ when a force
is applied between ON and 1.6N.

B The stiffness is always measured in cm N7,

C The stiffness of the spring tested was 5cmN™! for
forces between ON and 2.5N.

D For forces between ON and 1.6 N, the spring tested
had a stiffness of 5cmN™.

48

CHAPTER 1 | SCIENTIFIC INVESTIGATION



1.6 Reporting investigations

Scientists report their findings in a number of ways: as written peer-reviewed journal
articles, on web pages, and at scientific conferences with short oral presentations or
scientific posters (Figure 1.6.1). In this section you will learn how to present your
findings effectively.

PRESENTATION FORMATS

There are numerous ways to present the results of a scientific investigation, each
with varying emphasis on visual and textual components. Table 1.6.1 provides
some guidelines for different presentation formats.

TABLE 1.6.1 Main formats for presenting research work

Characteristics General guidelines for the
presentation format

scientific poster

written practical
report

oral
communication
with supporting
slides and/or
handouts

online
presentation,
e.g. website,
blog

.

concise visual display of
information

suitable for presenting
information to many people
summary of ideas

presents clear and detailed
information on a topic
suitable for providing
detailed and more
comprehensive background
information

easy-to-follow format

good for presenting to a
large audience

supporting slides can be
printed as notes and given
to the audience

opportunity to answer
questions from the audience

accessible to a worldwide
audience

easy to follow

easy to update with new
information

« title that attracts attention

+ large headings that stand out

» subheadings of a smaller size

« attractive presentation

» combination of written material
and visual material (such as
diagrams, photographs, tables and
graphs)

» writing large enough to be read
from a distance

» appropriate writing style for a
report that provides sections for
an introduction, methodology
and methods, results, discussion,
conclusion and references

+ subheadings for organising
sections

 text should be supported by
tables, graphs, diagrams and/or
photographs

 brief oral descriptions

« clear visuals that complement
what is spoken

* minimal text on each slide

» consistent format on all slides—
background, colours and text

» images, diagrams and graphs are
clear and large

» hyperlinks to related information

* multimedia, such as video and
audio, if appropriate

» same format throughout—font,
background, colours

» clear headings

« your name, credentials and date of
publication

FIGURE 1.6.1 Posters at a scientific conference
are one way of presenting the findings of your
research.
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STRUCTURING A WRITTEN REPORT

To write a scientific report you need to follow some general conventions. Even
though there are many ways to present a report, the report must broadly follow the
structure set out below to meet the requirements of the syllabus.

Headings are an essential feature of a scientific report. There is no single convention
for headings in scientific report writing and what is required is often specific to a
particular journal. Figure 1.6.2 lists the main headings that are commonly used in
scientific reports and describes the information that is usually provided under each
heading. Sections can be broken down further into subsections. Although some
subheadings may be suitable for more than one section, a scientific report will only
use each heading and subheading once. It is best to ask your teacher about which
headings are preferred to meet the requirements of the Physics VCE Study Design.

* concise

Title | * usekeyterms

relevant background information on the topic
+ whatis already known on the specific issue

+ the aim of the investigation

+ the question being addressed: hypothesis

Introduction -

NN )
N\

* brief description of methodology (rationale of
B investigative approach)

+ list all materials

+ step-by-step experimental methods

« diagrams or flow charts (optional)

Methodology and
methods

+ descriptive/observational text
Results | -+ data tables and/or graphs
+ images: photos and/or diagrams

+ analysis and evaluation

Discussion -+ summary diagrams/charts may be suitable

do the results support the hypothesis?
Conclusion { * how can the investigation be improved?
no new information is introduced

References and | | * listall references
acknowledgements + acknowledge all who helped

Y ERYSRYShYs
NEDZ N N NN

FIGURE 1.6.2 Elements of a scientific report or presentation

Title

The title should include key terms and give a clear idea of what your investigation
and the report is about, without being too long.

Introduction

The introduction sets the context of your report. It should outline relevant physics
ideas, concepts, theories and models, and how they relate to your research question
and hypothesis. It introduces the key terms, the specific question to be addressed,
and states your hypothesis and aim. Any references used in the introduction should
be correctly cited. This section should also identify the independent, dependent
and controlled variables.



Methodology and methods

The methodology and methods section outlines the reason why you adopted your
particular investigative approach and describes in detail all the steps that were
undertaken during the investigation. It also includes a list of the materials used. Use
step-by-step lists, diagrams of specific methods, and/or flow charts of the overall
experimental design.

There should be enough detail in this section for someone else to be able to
reproduce your experiment. Therefore your method needs to be in the correct
sequence and include how you observed, measured and recorded your results.

Results

The results section is a record of your observations. It is where you present your
data using graphs, diagrams, tables or photographs. In Section 1.4 you learnt tips
on using graphs and tables appropriately.

In general, tables provide more detailed data than graphs. However, it is
easier to observe trends and patterns in graphs, making them a very useful tool
for presenting evidence. Pie charts illustrate percentages well, while scatterplots
illustrate relationships between variables. Bar charts are best used for qualitative
data and discrete quantitative data. Scatterplots are best used for continuous
quantitative data.

Discussion

In the discussion section you interpret your results and discuss how they relate to
your research question and hypothesis, and to the research of others. You should
link your discussion to the key concepts discussed in the introduction.

It is also important to evaluate the methods used and the impact of any errors
on the results and on the conclusions drawn.

Conclusion

Your conclusion should reference the evidence (that is, your data) that supports
or refutes your hypothesis. It should provide a carefully considered response to
your research question based on your results and discussion. You should clearly
state whether your hypothesis was supported or not. Draw your conclusions by
identifying trends, patterns and relationships in the data.

It is important to recognise the limitations of both your data and the scientific
method. Be careful not to overstate your conclusion. Your results will support or
refute the hypothesis. They will not prove that something is true, as you can only
ever provide evidence that indicates the probability of something being true.

Do not provide irrelevant information, or introduce new information, in your
conclusion. Refer to the specifics of your hypothesis and research question, and do
not make generalisations.

The conclusion section should be a short, succinct paragraph.

References

You must cite the source of any information you used in your report wherever it
is used, and also provide a list of these references at the end of your report. This
demonstrates that you are aware of previous work in the area and allows readers to
locate sources of information if they want to study them further.

Acknowledgements

Itis good practice to acknowledge anyone who helped you during your investigation,
such as your teacher, lab technician or anyone else who provided you with guidance.
This only needs to be a sentence or two. An example is “Thanks to my teacher for
useful discussions about the feasibility of my experiment, to our lab technician for
help setting up the motion sensor correctly and to my fellow students for repeatedly
running along the sports track so I could time them’.
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WRITING FOR SCIENCE

A scientific report is written for a scientific audience, so it is important to ensure

that the report uses appropriate scientific language and follows the expected

conventions. Scientific language and its conventions are different from everyday

English writing. For example, scientific reports should be written using:

* past tense—the experiment was conducted in the past, so the report should be
in the past tense

* third person, passive voice with impersonal verbs (Table 1.6.2)

» scientific language—the terms used are specific to concepts, models and theories

* objective, unbiased language—avoid subjective and emotional or persuasive
writing ('Table 1.6.3).

* concise language—avoid unnecessary repetition and express ideas succinctly.
Scientific language allows more details, knowledge and understanding to be
communicated in fewer words. Use short sentences (Table 1.6.4).

Scientific language must be used without error so that the reader understands
the meaning of the information easily. For the report to be concise, there should
not be any repetition. The report must remain within the required word limit. Being
precise and concise will help you stay within that limit.

TABLE 1.6.2 Examples of first-person and third-person writing

| first tied a rubber stopper of known mass First, a rubber stopper of known mass was
onto one end of a piece of fishing line, and tied to one end of a piece of fishing line. A

a brass cradle of 200g to the other end. brass cradle of mass 200g was tied to the
other end.

After the current was switched on, | found After the current was turned on, the results

that... showed...

My colleagues and | found... Researchers found...

TABLE 1.6.3 Persuasive writing versus scientific writing styles

Persuasive writing examples Equivalent scientific writing examples

Use of biased and subjective language: Use of unbiased and objective language:
» The results are extremely bad, atrocious, « The results showed...

wonderful etc. » The implications of these results are...
» This is terrible because... » The results imply...
Use of exaggeration: Use of non-emotive language:
» The object weighed a colossal amount, + The object weighed 256 kg.

like an elephant. » Safety issue...

+ Safety crisis...

Use of everyday or colloquial language: Use of formal language:

» The experiment didn’t work because we » Further research is needed to fully
didn’t know what we were doing. determine why the results of the

« We did not obtain the results we experiment were not as expected.
expected because we were not sure » The results do not...
how to use the equipment, which led to » The researchers predicted (or
significant errors in measurement. hypothesised or theorised) that...

* The results don't...
» The researchers had a sneaking
suspicion that...
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TABLE 1.6.4 Examples of wordy language written more concisely

Wordy language Concise language

Due to the fact that... Because...

Anog and Walsh (2022) undertook an Anog and Walsh (2022) investigated...
investigation into...

It is possible that the cause could be... The cause may be...

End result... Result...

In the event that... If...

Shorter in length... Shorter...

Paragraphs in scientific writing
In a scientific report each paragraph should explain only one topic. The first sentence
of a paragraph (called the topic sentence) introduces the topic. The sentences that
follow the topic sentence provide details about the topic, with the final sentence
concluding the discussion of the one topic that the paragraph is about.

Each sentence in a paragraph should refer to only one subject (two only if
necessary), and each sentence should flow on to the next. Readers should be able
to see how each sentence relates to the previous one.

EDITING YOUR REPORT

Editing your report is an important part of the process. After editing your report,
save new drafts with a different file name and always back up your files in a second
location. Once you have completed a draft, it is good practice to read your work a
day or two after you have completed it.

When reading your own work, do not read it as you intend it to be read by
others. Instead, carefully read your work, following the punctuation, grammar and
spelling as it appears on the page.This is more easily achieved if you read the report
aloud. When editing, look for content that:

e is ambiguous or unclear

e is repetitive

e is awkwardly phrased

e s too lengthy

e is not relevant to your research question

e is poorly structured

e lacks evidence

e lacks a reference (if it is another researcher’s work)
e contains spelling mistakes.

ACKNOWLEDGING SOURCES

The source of all quotations used in your report must be listed in the references
section. You should also acknowledge the ideas of others that have been instrumental
in forming the idea for your research or the interpretation you have made of your
results. References and acknowledgements also give credibility to your study and
allow the audience to locate information sources for further study.

Plagiarism is using other people’s work without acknowledging them as the
author or creator. To avoid plagiarism, include a reference every time you report
the work of others, placing it at the end of a sentence or following a diagram. If you
use a direct quotation from a source, enclose it in quotation marks.
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Referencing

Each time you write about the findings of other people or organisations, you need
to provide an in-text citation. You also need to provide the full details of the source
in the reference list at the back of the report. Numerous referencing systems are in
use, but the American Psychological Association (APA) system is common in the
sciences. Check with your teacher which system you should use for your report.

In most referencing systems, sources in a reference list are listed in alphabetical
order (by the author’s last name or the organisation’s name). Compile your
references in a separate document as you conduct your practical investigation. This
will save you time later.

A bibliography is a list of all the sources used during your research that helped
you develop an understanding of your research topic even if such a source is not
cited in your final report. A reference list only lists those sources that you cite. Your
Unit 4 Area of Study 2 practical investigation report does not require a bibliography.
A reference list is sufficient.

The following examples show the use of in-text citation and the corresponding
reference list entry for an article in a journal in APA (seventh edition) style.
The format varies slightly according to the type of document or source you are
referencing. Guides can be found online, including on many university websites.

Examples of citing a reference in the text Formats for listing a reference in the

reference list (with examples)

Research article or review article in a Author, initials. (year). Title of article.
scientific journal Journal title, volume number(issue

A single atom of the rare-earth metal number), page numbers. Digital object
holmium has been made into the world’s identifier (doi) or URL

smallest, stable magnet. This was then Natterer, F, Yang, K., Paul, W., Willke, P,
used to make an atomic hard drive, in Choi, T., Greber, T, Heinrich, A., & Lutz, C.
which each holmium atom stored one bit (2017). Reading and writing single-atom

of information (Natterer et al., 2017). magnets. Nature, 543, 226-228.

Book Author, initials. (year). Title of book (edition,

Hawking (1988) discusses the theories of if not first). Publisher
general relativity and quantum mechanics Hawking, S. (1988). A brief history of time:

and seeks to describe a unifying theory From the big bang to black holes. Bantam
that combines these. Books.

Online article or page Author, initials/name of organisation.

A layered crystal (created with hafnium (year, month day). Title of webpage or web
oxide and zirconium oxide) reduces the document. URL

required voltage by around 30% (Perfetto, Perfetto, I. (2022, April 1). New crystal
2017). could help transistors run on less

power. Cosmosmagazine.com. https://
cosmosmagazine.com/technology/
computing/crystal-for-transistors/

STRUCTURING A POSTER

Scientific posters are used at conferences to grab people’s attention and quickly
convey a summary your research. A poster should follow much the same format
as a scientific report, outlined earlier in this section. A poster is meant to be more
succinct and direct in its approach to presenting your findings. You should carefully
pick the information that you want to present so that the impact of your investigation
is best communicated. For instance, in analysing your data you may have produced
both a table and a graph. In the poster, it may be best to simply show the graph,
which will more clearly represent any trends in your data.

A scientific poster should be understood by both technical and non-technical
audiences. Make sure to keep the language concise and as free of jargon as possible.

Figure 1.6.3 is an example of a poster from a student’s investigation of the
research question ‘Is the period of a pendulum affected by the mass or length of
the pendulum?’
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1.6 Review

SUMMARY

» A scientific report generally includes the following
headings:
- Title
— Introduction
— Methodology and methods
— Results
— Discussion
— Conclusion
— References
— Acknowledgements

* Your scientific report must meet the requirements
of the syllabus. Check with your teacher about the
specific requirements for your task.

KEY QUESTIONS

Knowledge and understanding

Which of the following statements is written in
scientific style?

A The results were fantastic ...

B The data in Table 2 indicates ...

C The researchers felt ...

D The smell was awful ...

Which of the following statements is written in the
first-person?

A The researchers reported ...

B Samples were analysed using ...

C The experiment was repeated three times ...

D | reported ...

Recall in which section of a scientific report you would
find processed data.

What is the purpose of referencing and acknowledging
documents, ideas, images and quotations in your
investigation?

Explain the difference between a bibliography and a
reference list.

A scientific poster follows a similar structure to that
of a scientific report.

Scientific reports must be written in scientific
language: past tense, third person, passive voice,
objective and concise.

Where the work of another scientist is used or
referred to in a scientific report, that scientist
must be acknowledged, both in the text and in the
reference list.

A scientific poster should be more succinct than
a report and written for both technical and non-
technical audiences.

Analysis

6 A scientist conducted an experiment to test the
following hypothesis: Increasing the temperature of a
wire would result in a decrease in the resistance of the
wire. The discussion section of the scientist’s report
included comments to support the repeatability
(reliability), validity, accuracy and precision of the
investigation. Determine whether the following
sentences indicate repeatability, validity, accuracy or
precision.

a Five different wires of the same length were tested
at each temperature. The resistance was measured
three times and averaged.

b The temperature and resistance of the wires were
initially recorded using data-logging equipment.
However, the resistance of some of the wires
was measured using an analogue voltmeter and
ammeter.

¢ The data-logging equipment was calibrated for
temperature before use.

d The voltage/current sensor (data logger) measured
voltage to the nearest 0.1V and the current to the
nearest 0.1 mA. An analogue voltmeter measured
the voltage to the nearest 1V, and the ammeter
measured to the nearest 10mA.

56
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Chapter review

KEY TERMS

accuracy
aim

bias

conclusion
continuous variable
controlled variable
dependent variable
discrete variable
hypothesis
independent variable
line of best fit

linear relationship
mean

median

method
methodology

mistake

mode

observation

outlier

personal protective
equipment (PPE)

precision

primary data

primary source

processed data

qualitative data

qualitative variable

quantitative data

quantitative variable

random error

range

raw data
repeatability
reproducibility
research question
risk assessment
safety data sheet (SDS)
scientific method
secondary data
secondary source
significant figures
systematic error
true value
uncertainty
uncertainty bars
validity

variable
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How do fields explain

NIt motion and electricity?

To achieve the outcomes in Unit 3, you will draw on key knowledge
outlined in each area of study and the related key science skills

on pages 11 and 12 of the study design. The key science skills are
discussed in Chapter 1 of this book.

AREA OF STUDY 1

How do physicists explain motion in two
dimensions?

Outcome 1: On completion of this unit the student should be
able to investigate motion and related energy transformations

experimentally, and analyse motion using Newton’s laws of motion
in one and two dimensions.

AREA OF STUDY 2

How do things move without contact?

Outcome 2: On completion of this unit the student should be able
to analyse gravitational, electric and magnetic fields, and apply
these to explain the operation of motors and particle accelerators,
and the orbits of satellites.

AREA OF STUDY 3

How are fields used in electricity generation?

Outcome 3: On completion of this unit the student should
be able to analyse and evaluate an electricity generation and
distribution system.

VCE Physics Study Design extracts © VCAA (2022); reproduced by permission.
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CHAPTER

2 Newtonian theories of motion

An understanding of forces and fields has allowed humans to land on the Moon
and explore the outer reaches of the solar system. Satellites in orbit around the
Earth have changed the way people live. These advances have been achieved
using Newton’s laws of motion, which were published in the seventeenth century.
Newton suggested that it should be possible to put satellites in orbit around the
> Earth almost 300 years before it became technically possible. While relativistic

. corrections introduced by Einstein are important in a limited number of contexts,
Newton’s description of gravitation and the laws governing motion are accurate
enough for most practical purposes.

d
e

In this chapter Newton’s laws will be used to analyse motion when two or more
= forces act on a body and how projectiles travel in the Earth’s gravitational field. The
chapter also covers how forces keep objects travelling in a circular path.

Key knowledge

+ investigate and apply theoretically and practically Newton’s three laws of
motion in situations where two or more coplanar forces act along a straight line
and in two dimensions 2.1

» investigate and analyse theoretically and practically the uniform circular motion
of an object moving in a horizontal plane: (F, = m—vz), including:
— a vehicle moving around a circular road 2.2 '
— a vehicle moving around a banked track 2.3
— an object on the end of a string 2.2

o
- » investigate and apply theoretically Newton’s second law to circular motion in a
' vertical plane (forces at the highest and lowest positions only) 2.4
»,

« investigate and analyse theoretically and practically the motion of projectiles
near Earth’s surface, including a qualitative description of the effects of air
resistance 2.5, 2.6

VCE Physics Study Design extracts © VCAA (2022); reproduced by permission




_____________________________

Equations of
motion

The equations of motion can be
used in situations where there
is a constant acceleration a (in
ms). These equations allow
you to model the motion of
objects and predict values for the
initial velocity u (in ms™), final
velocity v (in ms™), displacement
s (in m)and time t (ins). A
direction convention should
also be followed when using the
equations of motion.

The equations of motion for
uniform acceleration are:

vV =u+at

s=45u+v)t
s=ut+}at?
v2 =u? +2as

These equations will be used
in this chapter in addition to a
number of new equations.

_____________________________
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2.1 Newton’s laws of motion

On 14 July 2015, NASA’s New Horizons spacecraft (Figure 2.1.1) sped past
Pluto and sent back images to the Earth that appeared on news broadcasts across
the world. The principles of physics on which this mission depended were published
by Isaac Newton in 1687 in a set of laws that radically challenged the understanding
of his time.

FIGURE 2.1.1 An artist’s impression of New Horizons flying past Jupiter on its way to Pluto

Newton’s laws are, in fact, only an approximation and have been superseded by
Einstein’s relativistic theories. In situations involving extremely high speeds (greater
than 10% of the speed of light) or strong gravitational fields, Newton’s laws are
imprecise, and Einstein’s theories must be used instead. However, Newton’s laws
are not obsolete. In most cases, Newton’s laws remain invaluable for describing the
motion of objects as diverse as planets and ping-pong balls.

NEWTON’S THREE LAWS OF MOTION

Newton’s three laws of motion describe how forces affect the motion of bodies. The
first law describes what happens to a body when there is no net force on it. The
second law explains motion when there is an unbalanced force acting on a body.
The third law states that all forces act in action—reaction pairs (that is, for every
action there is an equal but opposite reaction).

Newton'’s first law

Newton’s first law states that every object continues to be at rest, or continues with
constant velocity, unless it experiences an unbalanced force. This is also called the
law of inertia. An object that is moving at constant velocity will keep moving. This
is seldom observed in everyday life due to the presence of forces such as friction
and air resistance, which eventually slow the motion of the object. To maintain
constant motion, frictional forces must be balanced with some other force. For
example, an object can keep moving at a constant velocity if it is driven by a motor.

An object that is stationary will remain stationary while the forces acting on
it are balanced. For example, an object will fall due to the force of gravity, but it
will remain at rest when this force is balanced by the normal force applied by a
table on which the object comes to rest. A normal force is one that exists between a
surface and an object, and it always acts at right angles to the surface.

Newton’s second law

Newton’s second law states that the acceleration of a body experiencing an
unbalanced force is directly proportional to the net force acting on it and inversely

net

o ."This is often written as follows.

proportional to the mass of the body, i.e. a =

AREA OF STUDY 1 | HOW DO PHYSICISTS EXPLAIN MOTION IN TWO DIMENSIONS?



F . =ma
where F, is the net or resultant force acting (IN)
m is the mass of the object (kg)

a is the acceleration of the object (ms™)

In other words, an object will accelerate at a greater rate when the force acting
on it is increased. Heavy objects are harder to accelerate than lighter ones, so the
rate of acceleration decreases as mass increases.

Newton'’s third law

Newton’s third law states that when one body exerts a force on another body (an
action force), the second body exerts an equal force on the first body but in the
opposite direction (a reaction force):

F

onAbyB — _FoanyA
To simplify the notation, this text will use the following convention:
FAB = FonAbyB

In this convention, the first subscript always indicates the body experiencing
the force.

The forces in an action—reaction pair:

e are the same magnitude
e actin opposite directions and
e are exerted on two different objects.

It is important to note that action—reaction pairs can never be added together.
This is because they act on different bodies. This is explained in Figure 2.1.2. In
Figure 2.1.2(b) the pair of forces shown, F, and Fy, are not an action—reaction pair
because both forces act on the same object (the basketball).

(a)

FIGURE 2.1.2 (a) An action—reaction pair: the hand pulls on the spring and the spring pulls back on
the hand with an equal and opposite force. Figure (b) does not show an action-reaction pair. This is
because the force due to gravity and the normal force both act on the same object, the basketball.

While the force is the same size on both objects, the resulting acceleration may
not be. That is because the rate of acceleration depends on the mass of the objects
concerned (from Newton’s second law). Sometimes, when the objects have very
different masses, the effect of one force in an action—-reaction pair is much more
noticeable. For example, if you stub your toe on a large heavy rock, the force exerted
on your toe by the rock causes your foot to decelerate significantly. The equal and
opposite force exerted by your toe on the rock does not cause any significant
acceleration of the rock. This is because of its much greater mass.

0 FonAbyB=_FoanyA

PHYSICSFILE

Tethered spacewalks

When stationed on the International
Space Station (ISS), astronauts are
often required to conduct spacewalks,
that is, they need to complete tasks
outside their spacecraft. During
spacewalks, astronauts are tethered
(i.e. attached) to their spacecraft. If
they weren't, they would float off into
space (remember Newton’s first law of
motion!). All the astronaut’s tools are
attached to their spacesuits, otherwise
they too would float off into space. If an
astronaut were to become accidentally
untethered, it could be a disaster.
Without a surface to push against, the
astronaut would float off into space and
be unable to return to the spacecraft.
As a safety precaution, every astronaut
is fitted with a small jet pack they can
use to manoeuvre themselves back to
their spacecraft. The jet pack propels
the astronaut forward when it is fired
backwards (remember Newton’s third
law of motion).

CHAPTER 2 | NEWTONIAN THEORIES OF MOTION

63




64

Worked example 2.1.1

APPLICATION OF NEWTON'’S FIRST AND THIRD LAWS

A toddler drags a 4.5 kg cart of blo
0.75ms™. It is being dragged by a
horizontal. The force of friction bet

cks across a floor at a constant speed of
handle which is at an angle of 35° above the
ween the cart and the floor is 5.0N.

i.e. no acceleration. According
to Newton’s first law, the net
force acting on the cart is zero.

a Calculate the net force on the cart.
Thinking Working
The cart has constant speed, Fret=0ON

b Calculate the force that the toddler exerts on the cart.

Thinking

Working

Draw a force diagram.

\j

F, F,

T, CF

If the net force is zero then

the horizontal forces must

be balanced. Therefore the
horizontal component of the
force on the cart by the toddler,
Fer,, is equal to the magnitude
of the frictional force, F.

Fer, = Fer 08 35° = i
Ferc0s35°=5.0N

5.0

= =6.1N 35° above the horizontal
‘T cos35°

¢ Determine the force that the ¢

art exerts on the toddler.

Thinking

Working

According to Newton’s third
law, the force on the cart by the
toddler is equal and opposite
to the force on the toddler by
the cart:

Fer=—Frc

Since the force on the cart is at an angle of
35° above the horizontal, the force of the
cart on the toddler is 6.1 N at an angle of 35°
below the horizontal.

Worked example: Try yourself 2.1.1

APPLICATION OF NEWTON'’S FIRST AND THIRD LAWS
The toddler adds extra blocks to the cart and drags it across the floor more slowly.

The 5.5kg cart travels at a constan
between the cart and the floor is 5
above the horizontal.

t speed of 0.65ms™. The force of friction
.2N and the handle is now at an angle of 30°

a Calculate the net force on the

cart.

b Calculate the force that the toddler exerts on the cart.

¢ Determine the force that the ¢

art exerts on the toddler.
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Applying Newton'’s first or second laws

When solving motion problems, a key strategy is to determine whether Newton’s
first law or second law should be applied. In the following examples, the objects
in the questions are accelerating. Hence the second law should be used and the
net force is proportional to the acceleration. In problems involving connected
bodies, both the whole system and each component of the system have the same
acceleration.

Worked example 2.1.2

APPLICATION OF NEWTON’S LAWS

A vehicle towing a caravan accelerates at 1.8ms™ to overtake the car in front. The
vehicle’s mass is 2700kg and the caravan’s mass is 2000 kg. The drag force on the
vehicle is 1100N and the drag force on the caravan is 1500 N.

a Calculate the driving force of the engine.

Thinking Working
DraW a SketCh ShOWIng a” FV tension FV driving force = 7
forces acting. ~ - =
caravan vehicle
m = 2000 kg m=2700kg | = 1o
a=18ms
- —> -
F(i drag F(' tension FV drag
1500 N 1100 N
Since there is an Foystem = Meystem@
acceleration, Newton'’s
second law can be FV driving force FV drag — FC drag — (mV + mC)a
applied to the whole Fy drning foree — 1 100 =1500 = (2700 +2000) x 1.8
system. F, 1.1x10%N in the direction of moti
Note that the caravan V driving force = 1-1 X in the direction of motion

and vehicle are joined

by a coupling and so the
tension forces are not
included at this stage.
Consider the system as a
whole.

b Calculate the magnitude of the tension in the coupling.

Thinking Working

Consider only one part of | F. ., =m.a

the system, for example Fewncion — Fo e = Med

the caravan, and once €

again apply Newton’s Fe tension = 2000 x 1.8 +1500
second law. =5.1%x103N

Worked example: Try yourself 2.1.2

APPLICATION OF NEWTON'’S LAWS

A vehicle towing a trailer accelerates at 2.8 ms™ to overtake a car in front. The
vehicle’s mass is 2700kg and the trailer’s mass is 600kg. The drag force on the
vehicle is 1100N and the drag force on the trailer is 500 N.

a Calculate the driving force of the engine.

b Calculate the magnitude of the tension in the coupling.
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(@)
F;net = gg + FN
| =
FN
FN Fg
body remains
atrest
F
g
(b)
F. = Fg +Fy
FN
9!
Fg
Fy q
net
0 Fg

FIGURE 2.1.3 (a) A block on a level surface
experiences a net force of zero, as F and

F, balance each other. (b) With the block on
anincline, F, = F_ cos 6, and the net force is
given by F = F, +F, added as vectors.

) F sin0=F
g net

[4

FIGURE 2.1.4 For a block on an incline, the
force due to gravity can be resolved into a force
perpendicular to the surface and a force parallel
to the surface.

THE NORMAL FORCE AND INCLINED PLANES

One reaction force deserves a special mention. When an object exerts a force on
a surface, the surface exerts a force back on the object that is at right angles (i.e.
normal) to the surface. For example, the block in Figure 2.1.3(a) exerts a force on
the level surface and the surface exerts a normal force back on the block. The force
the block exerts on the surface is equal in size to the force due to gravity, F,. Thus
F, is balanced by F\;, as shown in the figure. As there is no net force on the block,
the object remains stationary.

Consider an inclined plane (Figure 2.1.3(b)). The normal force is still at right
angles to the surface. However, as the surface is not horizontal, F,; will be at an angle
to F,. There is a net force down the slope and the block accelerates, as predicted by
Newton’s second law.

Another way of viewing the forces along an inclined plane is to resolve the vector
of the force due to gravity, F,, into two components: one perpendicular to the slope
and one parallel to the slope (Figure 2.1.4). The component perpendicular to the
surface is balanced by the normal force F. The component of the force due to
gravity that is parallel to the slope is the force that actually causes the acceleration.

Worked example 2.1.3

INCLINED PLANES

A skier of mass 50kg is skiing down an icy slope that is inclined at 20° to the
horizontal. Assume that friction is negligible and that the acceleration due to

gravity is 9.8ms=.
| \

aCCeleition/

g=9.8ms>

Fg=49ON

a Determine the components of the force due to gravity on the skier
perpendicular to the slope and parallel to the slope.

Thinking Working

Draw a sketch and include the values
provided.

20° Aln 20°

g
e
-

The perpendicular component is:
F, = F,cos20°

=490co0s20°

=460

=4.6x10%N

Resolve the force due to gravity into
the component perpendicular to the
slope.
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Resolve the force due to gravity into The parallel component is:
the component parallel to the slope. ; o
P P P F, = F,sin20

=490sin20°

=168
=1.7x102N

b Determine the normal force that acts on the skier.

Thinking Working

The normal force is equal in Fy=4.6x10°N
magnitude to the perpendicular
component of the force due to gravity.

¢ Calculate the acceleration of the skier down the slope.

Thinking Working

Apply Newton’s second law, P

rearranged to make a the subject. =

The net force along the slope is the _ 168

component of the force due to gravity " 50

parallel to the slope. = 3.4ms2down the slope

Worked example: Try yourself 2.1.3

INCLINED PLANES

A skier of mass 85 kg travels down the same icy slope inclined at 20° to the
horizontal. Assume that friction is negligible and that the acceleration due to
gravity is 9.8ms™.

a Determine the components of the force due to gravity on the skier
perpendicular to the slope and parallel to the slope.

b Determine the normal force that acts on the skier.

¢ Calculate the acceleration of the skier down the slope.

Aside from rounding differences, the acceleration calculated in the Worked
example and Try yourself questions above are equal. This is because acceleration is
independent of the mass of the object (if we ignore friction forces). Mathematically,
the relationship can be written as follows.

E. mgsinf

a= =gsin6

m m
where a is the acceleration of the object (ms™>)

g is the acceleration due to gravity (ms™)
6 is the angle of the inclined plane from the horizontal
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STRATEGIES FOR SOLVING FORCE AND MOTION PROBLEMS
Where forces on a body are given, Newton’s laws can be applied. Two questions
should be asked:

1 Is the object stationary or travelling at constant velocity? In these cases, F, , = 0.
2 Is the object accelerating? In this case, I, = ma.

When dealing with connected bodies, consider the whole system first, and then
consider the separate parts of the system.

For coplanar forces that are not aligned (for example, on an inclined plane),
resolve forces into their components.

Newton’s second law can be used to find the acceleration of an object. It can then
be used with the other equations of motion to find such quantities as displacement
and final velocity.

2.1 Review

* Newton'’s first law states that every object continues » The forces in an action-reaction pair are of the

to be at rest, or continues with constant velocity, same magnitude, act in opposite directions and are
unless it experiences an unbalanced force. This is exerted on two different objects.
also called the law of inertia. « A normal force, F, acts between an object and a
* Newton’s second law states that the acceleration surface at right angles to the surface.
of a body experiencing an unbalanced force is - On a horizontal surface, Fy, = F, and the object is
directly proportional to the net force on the body stationary.
and inversely proportional to the mass of the body: - On an inclined surface, F, is equal and opposite to
Foet = ma. the component of the force due to gravity acting
» Newton’s third law states that when one body exerts perpendicular to the plane: Fy = F, cos 6.
a force on another body (an action force), the second . The net force (F,..) acting on an object on a plane
body exerts an equal force on the first body but in inclined at an angle 6 is F, sin 6 (assuming that
the opposite direction (a reaction force): F,g = —Fg,. friction is negligible).

Knowledge and understanding 3 On each of the following force diagrams, draw the

1 Phil is standing inside a tram when it starts off reaction force that is the partner of the action force
suddenly. Lisa, who is sitting down, comments that that is shown. For each force you draw, state what the
Phil was thrown backwards as the tram started force is acting on and what is providing the force.

moving. Is this a correct statement? Explain your

. (b)
answer in terms of Newton’s laws.

2 Consider an object of mass 5.3 kg sliding across
a frictionless surface. What force is required to
accelerate it at a rate of 2.2ms™??

(©) (d)

BN KEY QUESTIONS
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4 A table-tennis ball of mass 10g is falling towards the

ground at a constant speed of 8.2ms™. Calculate
the magnitude and direction of the force due to air
resistance acting on the ball.

Ishtar is riding a motorised scooter along a level
path. The combined mass of Ishtar and her scooter is
80.0kg. The frictional and drag forces that are acting
total 45.0N. Determine the magnitude of the driving
force provided by the motor under the following
conditions.

a Ishtar is moving at a constant speed of 10ms™.

b Ishtar is accelerating at 1.50ms™.

A cyclist and his bike have a combined mass of
80kg. When starting off from traffic lights, the cyclist
accelerates uniformly and reaches a speed of 7.5ms™
in 5.0s.

a What is the acceleration during this time?

b Calculate the driving force being provided by the
cyclist’s legs as he starts off. Assume that drag
forces are negligible during this time.

¢ The cyclist now rides at a constant speed of
15ms. If the force being provided by his legs is
now 60N, determine the magnitude of the drag
forces that are acting.

During preseason football training, Matt was required

to run dragging behind him a bag of sand of mass

50kg. The bag was attached to a rope which made an

angle of 25° to the horizontal. When Matt ran with a

constant speed of 4.0ms™, a frictional force of 60N

was acting on the bag.

a What was the net force acting on the bag?

b Calculate the size of the tension force that was
acting in the rope.

¢ What was the magnitude of the force the rope
exerted on Matt as he ran?

Analysis

8 A block on a table is accelerated by a falling mass,

as shown below. Calculate the acceleration of the
blocks and the tension in the cord if the block on the
table experiences a frictional force of 2.0N as it slides
along.

9

10

A 950kg car is used to tow a small trailer of mass

100 kg. The car and trailer have an acceleration of

0.800ms™ The resistive forces acting on the car total

500N. An additional 500N of resistive forces act on

the trailer.

a Calculate the driving force required by the car’s
engine.

b What tension exists in the tow rope between the car
and trailer?

Kirsty is riding in a bobsled that is sliding down a
snow-covered hill with a slope of 30° to the horizontal.
The total mass of the sled and Kirsty is 100kg. Initially
the brakes are on and the sled moves down the hill
with a constant velocity.

a Which one of the arrows (A-F) best represents the
direction of the frictional force acting on the sled?
b Which one of the arrows (A-F) best represents the
direction of the normal force acting on the sled?
¢ Calculate the net frictional force acting on the sled.
d Kirsty releases the brakes and the sled accelerates.
What is the magnitude of her initial acceleration?
e Kirsty returns to the top of the hill. A friend now
joins her in the bobsled, taking the total mass
to 140kg. The bobsled takes off down the same
slope and with the brakes off (thus friction can
be ignored). How will the extra mass affect the
acceleration of the bobsled?
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2.2 Circular motion in a horizontal
plane

Circular motion is common throughout the universe. Children on a fairground ride
(Figure 2.2.1) move in a circular path, and so do those in a car as it travels around
a roundabout. In athletics, hammer throwers swing the hammer in a circular path
before releasing it. On a much larger scale, the planets orbit the Sun in paths that
are approximately circular. On an even grander scale, stars can travel in circular
paths around the centres of their galaxies. This section explains the nature of
circular motion in a horizontal plane and applies Newton’s first and second laws to
problems involving circular motion.

e . Ilr{.LLTL.,'

FIGURE 2.2.1 The people on this ride are travelling in a circular path.

UNIFORM CIRCULAR MOTION

In Figure 2.2.2, an athlete in a hammer-throw event swings a hammer—which
is usually a steel ball—in a horizontal circle with a constant speed of 25ms™.
Although its speed is constant, its velocity is continually changing. This means that
it is accelerating.

Remember that velocity is a vector. Since the direction of the hammer is
changing, so too is its velocity, even though its speed is not changing. The velocity
of the hammer at any instant is tangential (i.e. at a tangent) to its path. At one
instant, the hammer is travelling at 25ms™" north. An instant later it is travelling at
25ms™! west, and then 25ms™" south, and so on.

(b) N
25ms! B w+E
//—— ~~\~‘\ S
I," \\ 25ms!
N \
) c R
\ ;
‘\\ ,,'
25mst /",
g .
25ms!

FIGURE 2.2.2 (a) An athlete in a hammer-throw event. (b) The velocity of the hammer at any instant
is tangential to its path and is continually changing, even though it has constant speed. Because its
velocity is changing, the hammer is accelerating.
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PERIOD AND FREQUENCY

Imagine that an object is moving in a circular path of radius » metres with a constant
speed of v and takes 7 seconds to complete one revolution. The time taken to travel o 7= 1 and T = 1
once around a circle is called the period, 7, of the motion. The number of rotations T f

each second is the frequency, f. where f is the frequency (Hz)
T is the period (s)

SPEED
An object that travels in a circle will travel a distance equal to the circumference  distance = 2zr
of the circle, 271, with each revolution (Figure 2.2.3). Given that the time for each Pt
revolution is the period, 7, the average speed of the object is: o
distance circumference 27r .
speed = — = - =— ,
time period T K

The average speed of an object moving in a circular path is: ;'

_2mr
T '
where v is the speed of the object (ms™) \ v
r is the radius of the circle (m) % o
T is the period of motion (s) ‘\\
FIGURE 2.2.3 The average speed of an
PHYSICSFILE object moving in a circular path is given by
the distance travelled in one revolution (the
Wind generators circumference, 27tr) divided by the time taken

(the period, T).

The wind generators in the figure below are part of a wind farm at Macarthur in
south-west Victoria. The wind farm has 140 turbines and the towers are 85 m

high. Each blade is 55 m long and can rotate at a maximum rate of 20 revolutions

per minute. Although the blades are moving in a vertical, not horizontal, plane, their
motion can be described using the same equation for circular motion given above.
From the information given, you should be able to calculate that the tip of each blade is
travelling at around 400kmh™.

The tips of these wind-generator blades travel in a circular path and can reach speeds of
approximately 400 kmh™.
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FIGURE 2.2.4 A body moving in a circular path
has an acceleration towards the centre of the

circle. This is known as centripetal acceleration.

Worked example 2.2.1
CALCULATING SPEED

A wind turbine has blades 55.0m in length that rotate at a frequency of
20 revolutions per minute. At what speed do the tips of the blades travel?
Express your answer in kmh™,

Thinking Working

Calculate the period, T. Remember to 20 revolutions
express frequency in the correct units. 20 _ 4333Hz

per minute = — =
Alternatively, recognise that 20 60

revolutions in 60 seconds means that T = l
each revolution takes 3 seconds. f
1
=———=30
0333 °
Substitute r and T into the appropriate _2nr
formula for speed and solve for v. V= T
_ 2xmx550
- 3
=115.2ms!

=1.15%x10°ms™!

Convert ms™ into kmh™ by 1152 x 3.6 =4.2 x 10°kmh™
multiplying by 3.6.

Worked example: Try yourself 2.2.1
CALCULATING SPEED

A water wheel has blades 2.0m in length that rotate at a frequency of
10 revolutions per minute. At what speed do the tips of the blades travel?
Express your answer in kmh™.

CENTRIPETAL ACCELERATION

Since the velocity of an object travelling in a horizontal circle is changing, it is
accelerating even though its speed is not changing. The object is continually
deviating inwards from a direction tangential to the circle and so has an acceleration
towards the centre. This acceleration is known as centripetal acceleration. (The
word ‘centripetal’ means to move towards a centre.)

In Figure 2.2.4, the velocity vector of an object travelling in a circular path is
shown with an arrow labelled v, at a tangent to the circular path. The centripetal
acceleration, a, is towards the centre of the circular path.

However, as Figure 2.2.5 shows, even though the object is accelerating towards
the centre of the circle, it never gets any closer to the centre.

The centripetal acceleration, a, of an object moving in a circular path of radius
r with a velocity v can be found from the relationship:

a=—
r

A substitution can be made in this equation for the speed of the object, which
was found earlier to be:
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Thus:

Centripetal acceleration is always directed towards the centre of the circular
path and is given by:

where a is the centripetal acceleration (ms™)
v is the speed (ms™)
ris the radius of the circle (m)
T is the period of motion (s)

FORCES THAT CAUSE CIRCULAR MOTION

As with all forms of motion, an analysis of the forces that are acting is needed to
understand why circular motion occurs. In the hammer throw described earlier
in this section, the hammer is continually accelerating. It follows from Newton’s
second law that there must be a net unbalanced force continuously acting on it. The
net unbalanced force that gives the ball its acceleration towards the centre of the
circle is known as a centripetal force.

In every case of circular motion, a real force is necessary to provide the centripetal
force. The force acts in the same direction as the acceleration, that is, towards the
centre of the circle. This centripetal force can be provided in a number of ways. For
the hammer in Figure 2.2.5(a), the centripetal force is the tension force in the cable.
Three other examples of centripetal force are also shown in Figure 2.2.5.

Consider the consequences if the unbalanced force ceases to act. In the example
of the hammer thrower, if the tension in the cable became zero—as happens when
the thrower releases the hammer—there is no longer a force causing the hammer to
change direction. The result is that the hammer moves in a straight line tangential
to its circular path, as would be expected from Newton’s first law.

Centripetal force is given by:
2

mv®  Amirm
=ma= = >
7 T
where F_ is the net or centripetal force on the object (IN)
m is the mass (kg)
a is the acceleration (ms™)
v is the speed (ms™)

r1is the radius of the circle (m)

B

net

T is the period of motion (s)

(b) -

/ F .
! fay
(c)

- @ l
F

FIGURE 2.2.5 (a) In @ hammer throw, tension

in the cable provides the centripetal force.

(b) For planets and satellites, the gravitational
attraction towards the central body provides

the centripetal force. (c) For a car on a curved
road, the friction between the tyres and the road
provides the centripetal force. (d) For a person
in a Gravitron ride, it is the normal force from
the wall that provides the centripetal force.
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Worked example 2.2.2
CENTRIPETAL FORCES

An athlete in a hammer-throw event is swinging a metal ball of mass 7.0kg in a
horizontal circular path of radius 60 m. The ball is moving at 20.0ms™.

a Calculate the magnitude of the acceleration of the ball.

Thinking Working

As the object is moving in a circular v=20.0ms"

path, the centripetal acceleration is r=1.60m

towards the centre of the circle. To find 5

the magnitude of this acceleration, o

consider the variables that are given.

Select the equation for centripetal v

acceleration that fits the values you a= r

have, substitute the values and solve 20.02

the equation. ~ 7160
=250ms

State the magnitude only, as no
direction is required.

The acceleration of the ball is
250ms™.

to swing the ball.

b Calculate the magnitude of the tensile force (tension) acting in the wire used

Thinking Working
Identify the unbalanced force that m=7.0kg
is causing the object to move in a a=250ms>
circular path. Write down the relevant F o _7
variables that you have. net ™
Select the appropriate equation Fooe =ma
for centripetal force, substitute the —7.0x250
relevant variables and solve the

. =1750
equation. 5

=1.8x%x10°N

Only the magnitude is required, so no
direction is needed in the answer.

The force of tension in the wire is the
unbalanced force that is causing the
ball to accelerate.

Tensile force F,= 1.8 x 10°N

Worked example: Try yourself 2.2.2

CENTRIPETAL FORCES

An athlete in a hammer-throw event is swinging a ball of mass 7.0kg in a
horizontal circular path of radius 1.20m. The ball is moving at 25.0ms™.

a Calculate the magnitude of the acceleration of the ball.

b Calculate the magnitude of the tensile force (tension) acting in the wire.
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CASE STUDY

The Gravitron

When a car turns sharply to the left, the passengers in the
car seem to sway to the right. Many mistakenly think that
a force to the right is acting. In fact, the passengers are
simply maintaining their motion in the original direction of
the car, as described by Newton'’s first law; that is, they are
experiencing inertia. If the passengers are (unwisely) not
wearing seatbelts, they may be squashed against the right-
hand door as the car turns. This will exert a large force to
the left on them, which causes them to move to the left.
People moving rapidly in circular paths might also
mistakenly think that there is an outward force acting
on them. In order for the physics to be explained, it is
necessary to use different frames of reference. For example,
riders on the Gravitron (also known as the Vortex or Rotor),
like those in Figure 2.2.6, will feel a force pushing them
into the wall. This outwards force is commonly known as a
centrifugal force. (Centrifugal means ‘centre-fleeing’.) This
force does not actually exist in their frame of reference.
The riders think that it does because they are in a rotating
frame of reference. From outside the Gravitron, it is evident

FIGURE 2.2.6 There is a large inwards force from the wall (a normal
force) that causes these Gravitron riders to travel in a circular path.

that there is an inwards force (the normal force) that is
holding them in a circular path. If the walls disintegrated
and this normal force ceased to act, they would not fly
outwards, but move at a tangent to their circle.

A Gravitron can rotate at 24 rpm with a radius of 7 m.
The centripetal acceleration can be over 40ms=2. This is
caused by a very large centripetal force from the wall i.e.
the normal force, Fy. In the vertical direction, Fg is balanced
by an upwards frictional force, F;, so the riders experience
no vertical motion even if the floor then drops away. It
is important to remember that there is no force acting
outwards. In fact, as you can see in Figure 2.2.7, the forces
are unbalanced and the net force is equal in size and
direction to the normal force towards the centre of the
circle.

FIGURE 2.2.7 There are three forces acting on a rider in a Gravitron.
Vertically, the forces are balanced and so no motion occurs in this
direction. The remaining force, F,, provides the net (centripetal) force to
the centre of the ride.

BALL ON A STRING

You may have played totem tennis. This is a game where a ball is attached to a
pole by a string and can travel in a horizontal circle, although the string itself is not
horizontal (Figure 2.2.8).

If the ball at the end of the string is swinging slowly, the string swings down at
an angle closer to the pole. If the ball was swung faster, the string would become
closer to being horizontal. In fact, it is not possible for the string to be absolutely
horizontal, although as the speed increases, the closer to horizontal it becomes. This
system is known as a conical pendulum.

If the angle of the conical pendulum is known, trigonometry can be used to find
the radius of the circle and the forces involved.

-+—r—>

FIGURE 2.2.8 This ball is travelling in a
horizontal circular path of radius r. The centre of
its circular motion is at C.

CHAPTER 2 | NEWTONIAN THEORIES OF MOTION 75



76

Worked example 2.2.3

OBJECT ROTATING ON THE END OF A STRING

During a game of totem tennis

, a ball of mass 150g is swinging freely in a

horizontal circular path. The cord is 1.50m long and at an angle of 60.0° to the

vertical.

a Calculate the radius of the ball’s circular path.

Thinking

Working

The radius of the circular
path and the pole

form a right angle. Use
trigonometry to find the

radius.

r=1.50sin60.0°=1.30m

b Draw and label the forces that are acting on the ball at the instant shown in

the diagram.

Thinking

Working

There are two forces acting:
the tension in the cord,

F, and the force due to
gravity, F,. These forces are
unbalanced.

¢ Determine the net force th

at is acting on the ball at this time.

Thinking Working

First calculate the force due | F, = mg

to gravity, F,. =0.150x9.8
=1.47N

The ball has an acceleration
that is towards the centre
of its circular path. This is
horizontal and acts towards
the left at this instant. The
net force will also be acting
in this direction. A force
triangle and trigonometry
can be used to determine
the net force.

F =147TN
g

\

F

net

=1.47tan60.0°
= 2.55N towards the centre of the circular path
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d Calculate the size of the tensile force in the cord.

Thinking Working
Use trigonometry to find F.. 147
' c0s60.0°
=294N

Worked example: Try yourself 2.2.3

OBJECT ROTATING ON THE END OF A STRING
During a game of totem tennis, a ball of mass 200g is swinging freely in a

horizontal circular path. The cord is 2.00m long and at an angle of 50.0° to the

vertical.

a Calculate the radius of the ball’s circular path.

b Draw and label the forces that are acting on the ball at the instant shown in

the diagram.

¢ Determine the net force that is acting on the ball at this time.

d Calculate the size of the tensile force in the cord.
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2.2 Review

SUMMARY

» Frequency, f, is the number of revolutions each * An object moving in a circular path with a constant
second and is measured in hertz (Hz). speed has an acceleration due to its circular
« Period, T, is the time for one revolution and is motion. This acceleration is directed towards the
measured in seconds. centre of the circular path and is called centripetal
+ The relationship between T and f is: acceleration, a, where:
1 1 _v2  Arr
fz?andT=? 3—7—?
- An object moving with a uniform speed in a circular ~ * Centripetal acceleration is a consequence of a
path of radius r and with period T has an average centripetal force acting to make an object move in a
speed given by: circular path.
2nr * A centripetal force is directed towards the centre of
V= T the circle and its magnitude can be calculated using

Newton’s second law:

» The velocity of an object moving with a constant mv? _ 4r2m

speed in a circular path is continuously changing. = T2
The velocity vector is always directed at a tangent to
the circular path. » A centripetal force is always supplied by a real force

the nature of which depends on the situation. The
real force is commonly friction, gravitation or the
tension in a string or cable.

KEY QUESTIONS

Knowledge and understanding 1  Which two of the following statements correctly

The following information relates to questions 1-5. describe the motion of the car as it travels around the
A car of mass 1200kg is travelling in a roundabout in a roundabout?

circular path of radius 9.2m. The car moves with a A It has a constant speed.

constant speed of 8.0ms™. The direction of the car is B It has a constant velocity.

clockwise around the roundabout when viewed from C It has zero acceleration.

above. D It has an acceleration that is directed towards the

centre of the roundabout.

N 2 When the car is in the position shown in the diagram,
what is the:
a speed of the car
W E .
b velocity of the car
S

WA ¢ magnitude and direction of the acceleration of the
car?
bt 3 Calculate the magnitude and direction of the net force
6 acting on the car at the position shown.
2

4 When the car has travelled halfway around the
roundabout, what is the:
a velocity of the car at this point
b direction of its acceleration at this point?
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If the driver of the car kept speeding up, what would
eventually happen to the car as it travelled around the
roundabout? Explain your answer.

An ice skater of mass 75kg is skating in a horizontal

circle of radius 2.5m at a constant speed of 1.5ms™.

a Determine the magnitude of the skater’s
acceleration.

b Are the forces acting on the skater balanced or
unbalanced? Explain your answer.

¢ Calculate the magnitude of the centripetal force
acting on the skater.

A 1.5kg ball is made to swing in a horizontal circle of

radius 1.2m at 2.5 revolutions per second.

a What is the period of rotation of the ball?

b What is the orbital speed of the ball?

¢ What is the magnitude of the acceleration of the
ball?

d What is the magnitude of the net force acting on
the ball?

A child of mass 30.0kg is playing on a maypole swing
in a playground. The rope is 2.40m long and at an
angle of 60.0° to the horizontal as she swings freely in
a circular path. In answering the following questions,
ignore the mass of the rope in your calculations.

a Calculate the radius of the child’s circular path.

b Identify the forces that are acting on her as she
swings freely.

¢ What is the direction of her acceleration when she
is at the position shown in the diagram?

d Calculate the net force acting on the girl.

e What is her speed as she swings?

Analysis
9 A car with a mass of 1500kg is travelling around a

circular curve of radius 30 m at a constant speed of

25ms™.

a Calculate the centripetal force required for it to
round the curve.

b What provides the centripetal force?

¢ Why do the passengers in the car slide towards the
outside of the car when the car rounds the curve?

d If there is any ice or oil on the road, the friction
between the car tyres and the road is reduced. If
the car is travelling too fast for the turn, what path
will the car take?
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FIGURE 2.3.1 Australia’s Paige Greco, a
Paralympic cyclist who won a gold medal at
the 2020 Tokyo Paralympics in the 3000 m
Individual Pursuit C1-3

top view

FIGURE 2.3.2 A car travelling in a circular path
on a horizontal track

rear view

FIGURE 2.3.3 The vertical forces are in balance.
It is friction between the tyres and the road that
enables the car to turn.

2.3 Circular motion on banked tracks

The previous section considered relatively simple situations involving uniform
circular motion in a horizontal plane. However, there are more complex situations
involving circular motion. On many road bends, the road is not horizontal, but
at a small angle to the horizontal. This enables vehicles to maintain their speed
without skidding. A similar situation is at a cycling velodrome (Figure 2.3.1). The
velodrome at the Darebin International Sports Centre in Thornbury has banked
or inclined corners that peak at 43°.This enables cyclists to travel at much higher
speeds than if the track were flat. This section examines the principles underlying
banked cornering and applies Newton’s laws to problems involving circular motion
on banked tracks.

BANKED TRACKS

Cars and bikes can travel much faster around corners when the road or track
surface is inclined or banked at an angle to the horizontal. Banked tracks are used
at cycling velodromes and certain motor sport events, such as NASCAR races.
Road engineers design roads to be banked in places where there are sharp corners,
such as exit ramps from freeways.

When cars travel in circular paths on horizontal roads, they are relying on the
force of friction between the tyres and the road to provide the sideways force that
keeps the car in its circular path.

Consider a car travelling clockwise around a horizontal roundabout at a constant
speed, v (Figure 2.3.2). The car has an acceleration towards C (the centre of the
circle) and so the net force is also sideways on the car towards C. The vertical forces
(gravity and the normal force) are balanced (Figure 2.3.3). The only horizontal
force is the sideways force that the road exerts on the car tyres. This is a force of
friction, I. It is unbalanced and so must equal the net force, F_.

If the car drove over an icy patch, there would be no friction and the car would
not be able to turn. It would skid in a straight line at a tangent to the circular path.

Creating a banked track by angling the road reduces the need for a sideways
frictional force and allows cars to travel faster without skidding off the road and
away from the circular path. Consider the same car travelling around a circular,
banked road at constant speed, v (Figure 2.3.4). It is possible for the car to travel
at a speed so that there is no need for a sideways frictional force. This is called the
design speed and it is dependent on the angle, 6, at which the road is banked. At
this speed, the car exhibits no tendency to drift higher or lower on the road.

The car still has an acceleration towards the centre of the circle, C, and so there
must be an unbalanced force in this direction. Due to the banking, there are now
only two forces acting on the car: its force due to gravity, F,, and the normal force,
F, from the road. As can be seen in Figure 2.3.4(b), these forces are unbalanced.
They add together to give a net force that is horizontal and directed towards C
(Figure 2.3.4(¢c)).

(a) (b)
F F
C net v N
“ Fncl
—
a oC
Fg 9
top view rear view F

FIGURE 2.3.4 (a) A car is travelling in a circular path on a banked road. (b) The acceleration and net
force are towards the centre of the path, C. The banked road means that the normal force (F,) has an
inwards component. This is what enables the car to turn the corner. (c) Vector addition gives the net
force (F,.,) acting horizontally towards the centre.
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Banking angle
From Figure 2.3.4(c), it can be seen that the banking angle, 6, at the design speed
of a road or track can be found by trigonometry:

tanf = Foe
g
where F_ is the force acting towards the centre of the circle (N)
F, is the force due to gravity on the object (N).

mo?
Substituting F,, = —,— and F, = mg into the equation and simplifying gives the

following equation.

where v is the speed of the vehicle (ms™)
ris the radius of the track (m)
6 is the banking angle (degrees)
gis the acceleration due to gravity (9.8ms ™~ near the surface of the
Earth)

Thus if the banking angle is known, trigonometry can be used to calculate the
2
design speed. Rearranging tan = f—g gives the following equation for the design

speed, v.

v’ =rgtanf

v=/rgtanf

Note that the normal force on an object will be larger when it travels on a banked
track than when it travels on a flat track. For example, the cyclist in Figure 2.3.5
would feel a larger force acting from the road when she is on a banked track than
when she is cycling on a flat track.

FIGURE 2.3.5 Australian cyclist Anna Meares on a banked velodrome track is cornering at speeds far
higher than she could on a flat track. Cyclists on a velodrome will have a greater normal force from
the track than cyclists on a flat track.

PHYSICSFILE

Inclined planes vs banked
tracks

It is easy to confuse problems involving
inclined planes with those involving
banked tracks. Inclined-plane problems
involve static objects overcoming the
coefficient of static friction to slide
down the plane. Banked-track problems
involve an object moving in uniform
circular motion on an inclined plane.

For banked-track problems, it is helpful
to consider the vector components of
the normal force, Fy, when completing
calculations. For inclined-plane
problems, components of the force due
to gravity, F,, are used.
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Worked example 2.3.1

BANKED TRACKS

A curved section of track on an Olympic velodrome has a radius of 50m and is
banked at an angle of 42° to the horizontal. A cyclist of mass 75kg is riding on this
section of track at the design speed. Assume that g is 9.8 ms™.

a Calculate the net force acting on the cyclist at this instant.

Thinking Working

Draw a force diagram and (a)
include all forces acting on the
cyclist.

These forces are the force due
to gravity and the normal force
from the track, and these are
unbalanced. The net force is
horizontal and towards the
centre of the circular track, as
shown in diagram (a) and the
force triangle of diagram (b).

Calculate the force due to F,=mg

gravity, Fg' =75%x98
=735N

Use the force triangle and tang — Fret
trigonometry to calculate the B F,

net force, F . F
-t 420 = net
ante =735

Foee =0.90x735

net

=662N

As force is a vector, a direction The net force is 6.6 x 10°N horizontally
is needed in the answer. towards the centre of the circle.

b Calculate the design speed for this section of the track.

Thinking Working

Note the relevant values. g=9.8ms>
r=50m
0=142°

=7

Use the design speed formula. v=Jrgtané

=50x 9.8 x tan42°
=21ms?!

Worked example: Try yourself 2.3.1

BANKED TRACKS

A curved section of track on an Olympic velodrome has radius of 40m and is
banked at an angle of 37° to the horizontal. A cyclist of mass 80kg is riding on this
section of track at the design speed. Assume that g is 9.8 ms™.

a Calculate the net force acting on the cyclist at this instant.

b Calculate the design speed for this section of the track.
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Worked example 2.3.2
FINDING THE BANKING ANGLE

The curved portion of a highway needs to be banked to prevent cars from
skidding off it. Assume that the banked track of the highway is designed for a
top vehicle speed of 80kmh™ (i.e. the maximum speed limit for this portion of
the highway is 80kmh™). The banked track portion of the highway has a radius
of 500 m.

What is the value of the banking angle, 6, such that the forces acting on a car
keep it on the highway without the need for friction? Assume that g is 9.8 ms™.

Thinking Working
Recall the formula for finding %
the banking angle. 6 = tan- P
g
Convert the design speed from _ 80km h!
kmh™ to ms™. =736
=222ms™

Calculate the angle. V2
0=tan!| —
rg

[ 2222 ]
- 500x9.8

=5.7°

Worked example: Try yourself 2.3.2
FINDING THE BANKING ANGLE

The curved portion of a highway needs to be banked to prevent cars from
skidding off it. Assume that the banked track of the highway is designed for a
top vehicle speed of 110kmh™. The banked track portion of the highway has a
radius of 750m.

What is the value of the banking angle, 6, such that the forces keep the car on
the highway without the need for friction? Assume that g is 9.8 ms™

PHYSICSFILE

Wall of Death

In some amusement parks around the
world, there is a ride known menacingly
as the Wall of Death (see the figure
below). It consists of a cylindrical
enclosure with vertical walls. People
on bicycles and motorbikes ride into
the enclosure and around the vertical
walls, so the angle of banking is 90°!
The riders need to keep moving and
are depending on friction to hold them
up. By travelling fast, the centripetal
force (the normal force from the wall)
is large and this increases the size of
the grip (i.e. friction) between the wall
and tyres. If the rider slammed on the
brakes and stopped, they would simply
plummet to the ground.

For a rider to successfully conquer the Wall
of Death, they need to travel fast and there
must be a good grip between the tyres and
the track. The rider is relying on friction to
maintain their motion along the wall.
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2.3 Review

SUMMARY

* A banked track is one where the track is inclined at
an angle to the horizontal. This enables vehicles to
travel at higher speeds when cornering than when
travelling around a flat curved path.

+ Banking a track eliminates the need for a sideways
frictional force to make a turn. When the speed and
angle are such that there is no sideways frictional
force, the speed is known as the design speed.

» The forces acting on a vehicle travelling at the
design speed on a banked track are gravity and
the normal force from the track. These forces are
unbalanced and add to give a net force directed
towards the centre of the circular motion.

KEY QUESTIONS

Knowledge and understanding

1

A cyclist is riding along a circular section of a
velodrome where the radius is 30m and the track is
inclined at 30° to the horizontal. The cyclist is riding
at the design speed and maintains a constant speed.
Describe the direction of the acceleration on the
cyclist.

Copy the following diagram and then draw on it the
normal force, the force due to gravity and the net
force acting on the bicycle. Label each force.

42°

The net force acting on an 80kg bike racing around
a banked track is 780N. What is the banked angle of
the track, given that the bike is racing at the design
speed?

A cycling velodrome has a turn that is banked at 25°

to the horizontal. The radius of the track at this point

is 35m.

a Determine the speed (in kmh™) at which a cyclist
of mass 75 kg would experience no sideways force
as they ride on this section of the track.

b Calculate the size of the normal force acting on the

cyclist.
¢ How would this compare with the normal force if
they were riding on a flat track?

At the design speed, the banking angle of the track

is given by:
2
0= tan'l[v—]
rg

For a given banking angle and curve radius, the
design speed is given by:

v = Jigtang

A car-racing track is banked so that when the cars
corner at 55ms™!, they experience no sideways
frictional forces. The track is circular with a radius of
275m. Calculate the angle to the horizontal at which
the track is banked.

A curved portion of a highway with a speed limit of
90kmh™ needs to be banked to prevent cars from
skidding off it. The curved portion has a radius of

450 m. What is the value of the banking angle that will
keep a car travelling at the speed limit on that portion
of the highway without the need for friction?

Analysis

7

An architect is designing a velodrome and the original
plans have semi-circular sections of radius 15m and
a banking angle of 30°. The architect is asked to make
changes to the plans that will increase the design
speed for the velodrome. What two design elements
could the architect change in order to meet this
requirement?
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2.4 Circular motion in a vertical
plane

Just as a body moving with constant speed in a horizontal circular path has an
acceleration that is directed towards the centre of the circle, so does a body moving
in a vertical circular path.

If you have been on a rollercoaster ride you will have travelled over humps and
down dips at high speeds and, at times, in circular arcs. Some rides even have 360°
circular tracks that are entirely vertical (Figure 2.4.1). During these rides, your
body may experience forces that you find unpleasant.

When you travel on a rollercoaster, you can experience quite strong forces
pushing you down into the seat as you fly through the dips. Then, as you travel
over the humps, you tend to lift off your seat. These forces will be discussed in
this section. As in the previous sections, Newton’s laws are used to solve problems
involving this type of circular motion.

FIGURE 2.4.1 This rollercoaster has a circular path in a vertical plane.

MOVING IN VERTICAL CIRCLES

A body moving with constant speed in a horizontal circular path has an acceleration
that is directed towards the centre of the circle. The same applies for vertical
circular paths. However, circular motion in a vertical plane in real life is often more
complex, because it does not usually involve constant speeds.

An example is illustrated in Figure 2.4.2(a). The speed of the skateboarder
practising in a half-pipe will increase on the way down as gravitational potential
energy is converted into Kinetic energy. This means that the skater will experience
linear acceleration, a,, as well as centripetal acceleration, a.. The resultant acceleration
is not directed towards the centre of the circular path.

At the bottom of the half-pipe, the skateboarder will be neither slowing down nor
speeding up, so the acceleration is entirely centripetal at this point (Figure 2.4.2(b)).
The same applies at the very top of a circular path. For this reason, motion at these
points is easier to analyse.

(b) C

FIGURE 2.4.2 (a) When coming down the
sides of a half-pipe, the skateboarder speeds
up, and so has both a linear and a centripetal
acceleration. The net acceleration, a,, is not
towards the centre, C. (b) At the lowest point,
the velocity of the skateboarder is momentarily
constant, so there is no linear acceleration.
The acceleration is supplied completely by the
centripetal acceleration, a,, which is acting
towards C.
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FIGURE 2.4.3 The vertical forces are in balance
in this situation, i.e. Fy = Fg.

FIGURE 2.4.4 The person has a centripetal

acceleration that is directed upwards towards
the centre of the circle, and so the net force is
also upwards. In this case, the magnitude of the
normal force, F,, is greater than the force due to
gravity, F, and produces a situation where the
rider feels heavier than usual.

FIGURE 2.4.5 The centripetal acceleration is
downwards towards the centre of the circle,

and so the net force is also in that direction. At
this point, the magnitude of the normal force,
Fy, is less than the force on the person due to

gravity,

F

g
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Uniform horizontal motion

Theme park rides make you appreciate that the forces you experience throughout
a ride can vary greatly. First, consider the case of a person in a rollercoaster cart,
like that shown in Figure 2.4.3, travelling horizontally at 4.0ms™". If the person’s
mass is 50kg and the gravitational field strength is 9.8 ms™, the forces acting on the
person can be easily calculated. These forces are the gravitational force, F,, and the
normal force, Fy, from the seat.

The person is moving in a straight line with a constant speed, so there are no
unbalanced forces acting. The force due to gravity balances the normal force from
the seat. The normal force is therefore 490 N up, which is what usually acts upwards
on the person when moving horizontally. Hence they would feel the same as their
usual force due to gravity.

Circular motion: travelling through dips

Now consider the forces that act on the person as the cart reaches the bottom of
a circular dip. Suppose that the dip has a radius of 2.5m and the cart is moving at
8.0ms™" (Figure 2.4.4).

The person will have a centripetal acceleration due to the circular path. This
centripetal acceleration is directed towards the centre, C, of the circular path—in
this case, vertically upwards. The person’s centripetal acceleration, a, is:

7)2
a=—

r
.02

2.5

=26ms~ upwards towards C

The net centripetal force acting on the person is given by:
F,.  =ma
=50x%x26
=1300 N upwards

The normal force, Fy, and the force due to gravity, F,, are no longer in balance.
They add together to give an upwards force of 1300 N.This indicates that the normal
force must be greater than the force due to gravity by 1300N. In other words, the
normal force is 490N + 1300N = 1790 N up. This is more than three times greater
than the normal force of 490N that usually acts on a person of mass 50kg. That is
the reason why, when you are at this point in a ride, you feel the seat pushing up
against you much more strongly and you feel much heavier than usual.

Circular motion: travelling over humps
Now consider the situation as the cart moves over the top of a hump of radius 2.5m
with a lower speed of 2.0ms™" (Figure 2.4.5).

The person now has a centripetal acceleration that is directed vertically
downwards towards the centre of the circle, C. Therefore the net force acting at this
point is directed vertically downwards. The centripetal acceleration is:

‘UZ
a=—
r
2.0%
2.5
=1.6ms? downwards towards C

The net centripetal force is:
F =ma

net

=50x1.6
= 80N downwards
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As in the dip, the force due to gravity and the normal force are not in balance.
They add to give a net force of 80N down. The force due to gravity, F,, must
therefore be 80N greater than the normal force, Iv;. This tells us that the normal
forceis 490N — 80N = 410N up. This explains why you feel lighter when travelling
over a hump.

Circular motion: travelling through loops

You might have been on a rollercoaster like the one in Figure 2.4.6 where you were
upside down at times during the ride. The speed of these rides and the radius of
their circular path is what prevents riders from falling out. In theory, the safety
harness worn by a rider is not needed to hold them in their seats.

e A\ N
,R"".r», . B e e i

e

FIGURE 2.4.6 The thrill seekers on this rollercoaster ride don't fall out when upside down because
the centripetal acceleration of their cart is greater than 9.8 ms™ down.

The reason people don’t fall out of the rollercoaster is that their centripetal
acceleration is greater than the acceleration due to gravity (9.8 ms™). To illustrate
this, try the following activity. Extend a hand palm up, place an eraser on your palm
then turn your hand over and move it rapidly towards the floor. You
should find that it is possible to keep the eraser in contact with your
hand as you move your hand down. The eraser is under your hand
but it is not falling out of your hand. Your hand must be, for a short
time, moving downwards with an acceleration in excess of 9.8ms™
and continually exerting a normal force on the eraser. If your hand
had an acceleration less than 9.8 ms™, the eraser would fall away
from your hand to the floor.

A similar principle holds with rollercoaster rides. The people on 15m lFﬂﬂ =40N
the ride don’t fall out at the top because the motion of the rollercoaster
gives them a centripetal acceleration that is greater than 9.8 ms™ l 0.8 m 2

g=98ms

mass = 50 kg
k= 490 N
Fy=0

down. The engineers who designed the ride would have ensured that

the rollercoaster can move with sufficient speed and in a circle of an C

appropriate radius so that this happens. FIGURE 2.4.7 A rollercoaster cart travelling upside down
To explore this further, consider a rollercoaster ride that has a  fhrough aloop. Atthe critical point where the cart just stays

section of radius 15m in a vertical circle (Figure 2.4.7). ltg tc)%n;t(aercé with the track, the normal force can be considered
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PHYSICSFILE

Fighter pilots

A fighter pilot in a vertical loop
manoeuvre can safely experience
centripetal accelerations of up to
around 9 g, or 88ms>. In a loop where
the g-force is greater than this, the
pilot may pass out. The centripetal
acceleration of the plane will push her
into her seat and make the blood flow
away from her head. The resulting
reduction of blood in the brain

may cause her to experience visual
disturbance (a ‘grey out’) or even lose
consciousness (a ‘black out’). This type
of force is called a positive g-force.
Fighter pilots wear g-suits which
pressurise the legs and limit the blood
flowing to them. This helps them to
maintain consciousness.

On the other hand, if the pilot’s

head is on the outside of the loop,

the centripetal acceleration will pull
the pilot onto their harness and the
additional blood flow to the head can
make the whites of the eyes turn red.
The excess blood flow in the head may
cause ‘red out’. This type of force is
called a negative g-force.

It is possible to calculate the speed that would ensure that a rider does not fall
out. At the critical speed (i.e. the minimum speed), the normal force, Fy, on the
person will be zero. In other words, the seat will exert no force on them at this
speed. The critical speed is independent of the mass of the person. Assuming that

g=9.8ms", the centripetal force, F,_, is:
F..=F,+Fy
but:
=0,
so:
F..=F,
Therefore:
mo?
= mg
r
% = mer
m
=&r

Jer
= J9.8x15

=12ms™

k%

This speed is approximately equal to 43kmh™ and is the minimum speed
needed to prevent riders—whatever their mass—from falling out of their cart in
a loop of that particular radius. In practice, the rollercoaster would move with a
speed much greater than this to ensure that there was a significant force between
the riders and their seats, rather than zero normal force as calculated for the critical
speed. Corkscrew rollercoasters can travel at up to 110kmh™ and the riders can
experience accelerations of up to 50ms™ (or 5 g). So safety harnesses are really
only needed when the speed is below the critical value. Their primary function is to
prevent people from moving around while on the ride.

How the normal force varies during the ride

It is interesting to compare the normal force that acts on the 50kg rollercoaster

rider in the three situations explored, that is, when they are travelling horizontally

with uniform motion, when they are at the bottom of a dip and when they are at
the top of a loop.

* The normal force when travelling horizontally is 490 N upwards.

e At the bottom of a dip, the normal force is 1790 N upwards. In other words, in
the dip the seat pushes into the rider with a greater force than usual. As the rider
experiences a normal force of 1790N, they feel much heavier than normal. If
the rider had been sitting on weighing scales at this time, the scales would have
shown a higher-than-usual reading.

e At the top of a hump, the normal force is 410N upwards. In other words, over
the hump the seat pushes into the rider with a smaller force than usual. As
the rider experiences a normal force of 410N, this gives them the sensation of
feeling lighter.

The force on the rider due to gravity has not changed throughout the ride: F,
remains at 490 N. It is the normal force acting on them that varies. It is the normal
force that makes the rider feel heavier and lighter as they travel through the dips
and humps respectively.
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Worked example 2.4.1
VERTICAL CIRCULAR MOTION

A student arranges a toy car track with a vertical loop of radius 20.0 cm.

A toy car of mass 150g is released from rest at a height of 1.00m (point X). The

car rolls down the track and travels inside the loop. Assume that g is 9.8ms™ and

ignore friction.

mass =150 g

a Calculate the speed of the car as it reaches point Y at the bottom of the loop.

Thinking Working

Note all the variables given in At X:

the question. m=150g =0.150kg
Ah=1.00m
v=0
g=9.8ms>

Approach the problem by
considering that energy is
conserved during the car’'s

The total mechanical energy, E., at X is:
E,=E +E,

motion. Calculate the total = lmvz +mgAh
mechanical energy first. Note 2
that the initial speed is zero, so =0+(0.150x9.8x1.00)
E, at X is zero. =147J
Use conservation of energy AtY:
(E,, = E, + E)) to determine the E =1.47J
velocity at point Y. Ah=0O
As the car rolls down the track, E-0
it loses its gravitational potential C
energy and gains kinetic energy. E,.=E +E,
At the bottom of the loop (Y), the 1
car has zero potential energy. E.= EmVZ +mgAh
1.47 =%><O.150v2 +0
, 147
~ 0.0750
v =196
=44ms!
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b Calculate the normal force from the track at point Y.

Thinking Working
To solve for F, start by mv2
working out the net, or net =
centripetal, force. At Y the car 0.150 x 4.432
has a centripetal acceleration = 0200
towards C (i.e. upwards), so _14 7N .
the net centripetal force must T P
also be vertically upwards at
this point.
Calculate the force due to Fy=mg
gravity, f, and add it to a ~0.150x98
force diagram.

=1.47N down

At point Y Fe=2?

Work out the normal force
using vectors. Note up as
positive and down as negative
in your calculations.

The forces acting are
unbalanced, as the car has

a centripetal acceleration
upwards (towards C). The
upwards (normal) force must
be larger than the downwards
force.

Fo = F, +Fy

net =

+14.7=-147+F,
F,=+147+147
=16N up
Note that the force the track exerts on the car
is much greater (by about ten times) than the
force due to gravity. If the car were travelling

horizontally on a flat surface, the normal force
would be just 1.47 N up.

¢ What is the speed of the car as it reaches point Z?

Thinking Working
Calculate the velocity from the | At Z:
values you have, using m =0.150kg

E,=E +E,

Ah =2 % 0.200 = 0.400m

Mechanical energy is conserved, so £, =1.47J
(from part a).

At Z:
E.=E +E,

= %mv2 +mgAh

147 =(0.5x0.150 xv?)+(0.150 x 9.8 x 0.400)
1.47=0.075xv?+0.588
v2=11.76
v=34ms!
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d What is the normal force acting on the car at point Z?

centripetal force must also be

vertically downwards at this point.

Thinking Working

To find F,, start by working out _mv?

the net, or centripetal, force. net T,

At Z the car has a centripetal ~0.150x343
acceleration towards C (i.e. B 0.200
downwards), so the net =8.82N down

Work out the normal force using
vectors. Note up as positive

and down as negative in your
calculations.

Foet = Fg +Fy
-882=-147+F,
F=-882+147
=-7.35
=7.4N down

Note that there is still strong contact
between the car and the track—as given by
the normal force—but that it is only about
half the size compared to when the car was
at the bottom of the track.

If the car had progressively lower speeds,

the normal force at Z would decrease and
eventually drop to zero. At this point, the car
would lose contact with the track, fall off the
track and its acceleration would be equal to g.

Worked example: Try yourself 2.4.1

VERTICAL CIRCULAR MOTION

A student arranges a toy car track with a vertical loop of radius 25.0 cm, as shown.

A toy car of mass 150g is released from rest at a height of 1.20m (point X). The
car rolls down the track and travels around the loop. Assume that g is 9.8ms™ and
ignore friction.

< mass =150 g

a Calculate the speed of the car as it reaches point Y at the bottom of the loop.

b Calculate the normal force from the track at point Y.

¢ What is the speed of the car as it reaches point Z?

d What is the normal force acting on the car at point Z?
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2.4 Review

SUMMARY

» The gravitational force, Fg, and normal force, F, * The normal force and the gravitational force are
must be considered when analysing the motion of added together as vectors in a force diagram to give
an object moving in a vertical circle. the resultant as the net force.

+ If the normal force is greater than the gravitational » At the point where a moving object falls from its
force (Fy > F,) the passenger or rider will feel heavier circular path, the normal force is zero. The object
than they really are. will be moving with a centripetal acceleration equal

« If the normal force is less than the gravitational force to that due to gravity (9.8ms™ down).

(Fy < F) the passenger or rider will feel lighter than » Problems relating to motion in vertical circles can
they really are. often be solved by noting that energy is conserved

+ In vertical circular motion, the gravitational force at all points in the motion:
always acts vertically downwards regardless of the 1
position of the rider or passenger around the circle, Em=E t+E, = EmVZ +mgAh

the net force always acts towards the centre of the
circle, and the normal force always acts between the
seat and the passenger or rider.

KEY QUESTIONS

Knowledge and understanding 3 Astudent is designing an amusement park ride in
In answering the following questions, assume that which a cart descends a steep incline at point X,
g=9.8ms™ and ignore the effects of air resistance. enters a circular loop of radius 17m at point Y and

makes one complete revolution of the loop. The cart
has a mass of 700kg, and it carries passengers at a
speed of 1.75ms™ before it begins its descent from

a Describe thg magnitude of the acceleration of the point X, which is 70m higher than the bottom of the
yo-yo along its path. loop

b At which point in the circular path is there the most
tension in the string? L75msT

circle.

¢ At which point in the circular path is there the least 700 kg X
tension in the string?
d At which point is the string most likely to break?
e If the yo-yo has a mass of 100g and the radius of \‘
the circle is 1.25m, find the minimum speed that 70 m
the yo-yo must have at the top of the circle so that
the string does not slacken.
2 Acarof mass 800kg encounters a speed hump Y ________________N
of radius 10m. The car drives over the hump at a
constant speed of 14.4kmh™. a Calculate the speed of the cart at point Y.
a Name all the vertical forces acting on the car when b What is the speed of the cart at point Z?
it is at the top of the hump. ¢ Calculate the normal force acting on the cart at
b Calculate the resultant force acting on the car when point Z.
it is at the top of the hump. d What is the minimum speed that the cart can have
¢ After travelling over the hump, the driver remarked at point Z and still stay in contact with the track?

to a passenger that she felt lighter as the car
moved over the top of the hump. Is this possible?
Explain your answer.

d What is the maximum speed (in kmh™) that this
car can have at the top of the hump and still have

' 1 Ayo-yois swung with a constant speed in a vertical
E its wheels in contact with the road?
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4 A stunt pilot appearing at an air show decides to 8 A car of mass 1500kg slows to travel over an old

perform a vertical loop so that she is upside down at stone bridge of radius 10 m. The car’s speed at the
the top of the loop. During the stunt she maintains a top of the bridge is 8.0ms™.
constant speed of 35.0ms™ and the loop has a radius

of 100m.
Calculate the normal force acting on the 80.0 kg pilot
when she is at the top of the loop.

5 A skateboarder of mass 72kg is practising on a
half-pipe of radius 3.0 m. At the lowest point of the
half-pipe, the speed of the skater is 7.0ms™.

a What is the acceleration of the skater at this point?
Specify both the magnitude and direction.

b Calculate the size of the normal force acting on the
skater at this point.

a Calculate the magnitude and direction of the
resultant force acting on the car when it is at the

Analysis top of the bridge.
6 The maximum value of acceleration that the human b Calculate the magnitude and direction of the
body can safely tolerate for a short time is nine times normal force acting on the car when it is at the top
that due to gravity. Calculate the maximum speed of the bridge.
with which a pilot could safely pull out of a circular ¢ What is the maximum speed that the car can have
dive of radius 400 m. at the top of the bridge and still have its wheels in
7 A student rolls a toy car of mass 50g along a smooth contact with the road?

track in the shape of a loop-the-loop. They try to give
the car a launch speed at point A so that the car just
maintains contact with the track as it passes through
point B.

a Determine the acceleration of the toy car as it
passes point B.
b How fast is the toy car travelling at point B?
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FIGURE 2.5.1 A multi-flash photograph of a golf
ball that has been bounced on a hard surface.
The ball moves in a series of parabolic paths.

2.5 Projectiles launched horizontally

A projectile is any object that is thrown or projected into the air and is moving
freely, that is, it has no power source (such as a rocket engine or propeller) driving
it. A netball as it is passed, a cricket ball that is hit for six and an aerial skier flying
through the air are examples of projectiles. People have long argued about the
path that projectiles follow, with some thinking that they were circular or had
straight sections. It is now known that if projectiles are not launched vertically, and
if air resistance is ignored, they move in smooth parabolic paths (Figure 2.5.1).
This section considers projectiles that are launched horizontally and shows how
Newton’s laws can be used to solve problems involving projectile motion.

PROJECTILE MOTION

It is a very common misconception that when a projectile travels forwards through
the air, it has a forwards force acting on it. This is incorrect. There may have been
some forwards force acting as the projectile was launched, but once the projectile is
released, this forwards force is no longer acting.

In fact, if air resistance is ignored, the only force acting on a projectile during
its flight is the force due to gravity, F,. This force is constant and always directed
vertically downwards. This causes the projectile to continually deviate from a
straight-line path and follow a parabolic path (Figure 2.5.2).

Projectile motion is quite complex compared to straight-line motion. It must be
analysed by considering the different components—horizontal and vertical—of the
actual motion. The vertical and horizontal components are independent of each
other and must be treated separately.

FIGURE 2.5.2 The motorcycle and rider travel in a parabolic path as they fly through the air.
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Given that the only force acting on a projectile is the force due to gravity, F, it
follows that the projectile must have a vertical acceleration of 9.8 ms™> downwards
throughout its motion.

PROJECTILES LAUNCHED HORIZONTALLY

Projectiles can be launched at any angle. The launch velocity needs to be resolved into
vertical and horizontal components and trigonometry used to solve most problems
involving projectile motion. For projectiles launched horizontally, calculating the
vector components of the launch velocity is straightforward: the initial vertical
velocity is zero (although it increases during the flight) and the horizontal velocity
is constant (equal to its launch velocity). This can be verified using trigonometric
ratios and a launch angle of 0°.

Tips for solving projectile motion problems

1 Constructa diagram showing the projectile’s motion. Write down the information
supplied for the horizontal and vertical components.
2 In the horizontal direction, the velocity, v, is constant, and the only formula

. s
needed to calculate it is v,, = P

3 In the vertical direction, the projectile is moving with a constant acceleration
(9.8 ms™ downwards), so the equations of motion for uniform acceleration can
be used. These include:

v=u+at

1
s=ut+—at
2

v® =u’ +2as

4 In the vertical direction, it is important to clearly specify whether up or down
is the positive or negative direction. Either choice will work just as effectively.
However, the same convention needs to be used consistently throughout each
problem.

5 If a projectile is launched horizontally, its horizontal velocity throughout the
flight is the same as its initial velocity.

6 Pythagoras’s theorem can be used to determine the actual speed of the projectile
at any point.

7 If the velocity of the projectile is required, it is necessary to provide a direction
with respect to the horizontal plane as well as its speed.

PHYSICSFILE

Cartoon physics

It is easy to get the wrong idea about projectile motion from
watching cartoon characters running or driving off cliffs.

In many cartoons, the character leaves the cliff and travels
horizontally outwards, stopping in mid-air (see figure at right).
Once they realise where they are, they immediately fall vertically
downwards. Clearly, this is not what happens in reality! The
character should start falling in a smooth parabolic arc as soon as
they leave the cliff-top.

Many misconceptions can arise from what is
shown in cartoons. In real life, this car would
start falling as soon as it leaves the cliff top and
travel in a parabolic arc.

o In the vertical direction, a projectile
accelerates due to the force of
gravity, that is, at a rate of 9.8 ms™
downwards.

In the horizontal direction, a projectile
has a uniform velocity. This is because
there are no forces acting on it in this
direction (if air resistance is ignored).
Thus the horizontal acceleration is
zero.
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Worked example 2.5.1
PROJECTILE LAUNCHED HORIZONTALLY

A golf ball of mass 150g is hit horizontally with a speed of 25.0ms™ from the top of a cliff 40.0m high. Assume that

g=9.8ms™?and ignore air resistance.

40.0 m

a Calculate the time the ball takes to land.

Thinking

Working

Let the downwards direction be positive. Write down the information relevant to
the vertical component of the motion. Note that the instant the ball is hit, it is
travelling only horizontally, so its initial vertical velocity is zero.

Down is positive.
Vertically:
u=0ms™
s=40.0m
a=98ms~?

=7

In the vertical direction, the ball has constant acceleration, so use an equation
for uniform acceleration. Select the equation that best fits the information you
have.

1
S =ut+=at?
2

Substitute values in the equation, rearrange it and solve for t.

400=0+ % « 9.8¢2

o [40.0
“\490

the velocity throughout the flight.

=2.86

=29s
b Calculate the distance the ball travels from the base of the cliff, i.e. the range of the ball.
Thinking Working
Write down the information relevant to the horizontal component of the motion. | Horizontally:
As the ball is hit horizontally, the initial speed gives the horizontal component of | , — 25 oms!

t=2.86s from part a
=7

Select the equation that best fits the information you have.

As the horizontal speed is constant
(i.e. u=v), youcan use v,, = %

Substitute values in the equation, rearrange it and solve for s.

s

250=——

50 2.86
s=25.0%x2.86
=72m

Note that the mass of the ball does
not affect its motion, as is the case
with all objects in projectile motion or
in free fall.
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¢ Calculate the velocity of the ball as it lands.

Thinking

Working

it lands. Write down the information relevant to both the vertical
and horizontal components.

Find the horizontal and vertical components of the ball’s speed as

Horizontally:
u=v=250ms"
Vertically, with downwards as positive:

are looking for: in this case, v.

u=0
a=98ms?
$=40.0m
t=2.86s
v=7?

To find the final vertical speed, use the equation for uniform v=u+at

acceleration that best fits the information you have.

Substitute values in the equation and solve for the variable you Vertically:

v=0+98 x 2.86
=28ms! down

Add the components as vectors. 250ms!
[]
v 28.0ms™!
g;ﬁ_ Pythagoras’s theorem to calculate the actual speed, v, of the V= W
=+25.0% + 28.02
=4/1409
=38ms!
Use trigonometry to find the angle, 6. 28.0
0=tan?| —
25.0
=48.2°

Specify the velocity with a magnitude and a direction relative to
the horizontal. Express the answer to 2 significant figures.

The final velocity of the ball is 38ms™ at 48° below
the horizontal.

Worked example: Try yourself 2.5.1
PROJECTILE LAUNCHED HORIZONTALLY

A golf ball of mass 100g is hit horizontally with a speed of 20.0ms™ from the top of a 30.0m high cliff. Assume that

g=9.8ms™ and ignore air resistance.

20.0ms™!

l g=9.8ms>

a Calculate the time the ball takes to land.

b Calculate the distance the ball travels from the base of the cliff, i.e. the range of the ball.

¢ Calculate the velocity of the ball as it lands.
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PHYSICSFILE

Aerodynamic design

In the track-and-field event of javelin,
the aerodynamic shape of the javelin
once used proved to be too successful.
The javelin had been progressively
streamlined to reduce the drag force
so that the athletes could throw it
further. This was not a problem until
the 1980s—the javelin could now be
thrown so far that runners competing in
nearby track events were endangered.
The design of the javelin was changed
again. It was made more snub-nosed to
increase drag and reduce the distance
it could be thrown (see figure below). In
1983, the world record was 104.8 m.

In 1986, with the modified design, the
world record dropped to 85.7 m.

(SN
Australian Kelsey-Lee Barber winning a
bronze medal in the women'’s javelin final at

the 2020 Tokyo Olympics. Note the javelin’s
snub-nosed end.

THE EFFECTS OF AIR RESISTANCE

The interaction between a projectile and the air can have a significant effect on
its motion, particularly if the projectile has a large surface area and a relatively
low mass. If you try throwing an inflated party balloon, it will not travel very far
compared to throwing a marble at the same speed.

The size of the air resistance (i.e. the drag force) that acts on an object as it
moves depends on such factors as:

* the speed of the object: the faster an object moves, the greater the drag force
becomes

* the cross-sectional area of the object in its direction of motion: a greater area
means greater drag

e the acrodynamic shape of the object: a more streamlined shape experiences less
drag

* the density of the air: higher air density means greater drag.

When a pilot drops a supply parcel from a plane, the drag force from the air acts
in the opposite direction to the parcel’s velocity. If the parcel were dropped on the
Moon, where there is no air and hence no air resistance, the parcel would continue
its horizontal motion and would remain directly below the plane as it fell.

Figure 2.5.3 shows a supply parcel being dropped from a plane moving at a
constant velocity. If air resistance is ignored, the parcel falls in the parabolic arc
shown by the darker blue curved line in diagram (a). It would continue moving
horizontally at the same rate as the plane, that is, as the parcel falls it would stay
directly beneath the plane until it hits the ground. The effect of air resistance is
shown by the light-blue curved path. Air resistance (i.e. drag) is a retarding force
and it acts in a direction that is opposite to the motion of the projectile. Air resistance
makes the parcel fall more slowly and over a shorter path. If air resistance is taken
into account, there are now two forces acting, as shown in diagram (b): the force
due to gravity, F,, and air resistance, F,. Therefore the resultant force, F,, that acts
on the projectile is not vertically down and nor is its acceleration.

(b)

FIGURE 2.5.3 (a) The paths of a supply parcel dropped from a plane with and without air resistance.
(b) When air resistance is acting, the net force on the parcel is not vertically down.
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2.5 Review

If air resistance is ignored, the only force acting on a
projectile is the force due to gravity, f,. This results
in the projectile having a vertical acceleration of

9.8 ms? downwards during its flight.

Projectiles move in parabolic paths that can be
analysed by considering the horizontal and vertical
components of their motion.

The following equations of motion for uniform
acceleration can be used to determine the vertical
component of the motion:

v=u+at

s=u1‘+1a1‘2
2

v? =u? +2as

KEY QUESTIONS

Knowledge and understanding

For the following questions, assume that the acceleration
due to gravity is 9.8 ms™ and ignore the effects of air
resistance unless otherwise stated.

1

A skateboard travelling at 5.5ms™ rolls off a

horizontal bench that is 1.7 m high.

a How long does the board take to hit the ground?

b How far does the board land from the base of the
bench?

¢ What is the magnitude and direction of the board’s
acceleration just before it lands?

Two identical tennis balls, X and Y, are hit horizontally

from a point 2.5m above the ground with different

initial speeds: ball X has an initial speed of 7.5ms™

and ball Y has an initial speed of 12ms™.

a Calculate the time it takes for ball X to strike the
ground.

b Calculate the time it takes for ball Y to strike the
ground.

¢ How much further than ball X does ball Y travel in
the horizontal direction before bouncing?

The horizontal velocity of a projectile remains
constant throughout its flight if air resistance is
ignored. Therefore the following equation for average
velocity can be used for the horizontal component
of its motion:

v, =2
t

Pythagoras’s theorem can be used with the vertical

and horizontal components of velocity to work out

the speed, v, of the projectile.

If the velocity of the projectile is required,

trigonometry can be used to find the angle to the

horizontal at which the projectile is travelling.

An archer stands on top of a platform that is 45m

high and fires an arrow horizontally at 70ms.

a What is the speed of the arrow as it reaches the
ground?

b At what angle relative to the horizontal is the arrow

travelling as it reaches the ground?

A bowling ball of mass 9.5kg travelling at 6.5ms™

rolls off a horizontal table 1.0m high.

a Calculate the ball’s horizontal velocity just as it
strikes the floor.

b What is the vertical velocity of the ball as it strikes

the floor?

¢ Calculate the velocity of the ball as it strikes the
floor.

d What time interval has elapsed between the ball
leaving the table and striking the floor?

e Calculate the horizontal distance travelled by the
ball as it falls.

f Draw a diagram showing the forces acting on the
ball as it falls towards the floor.

Analysis

A golf ball of mass 175g is hit horizontally from the
top of a cliff 75.0m high. The golf ball lands 100m
from the base of the cliff. Calculate the horizontal
speed at which the golf ball left the cliff top.
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2.6 Projectiles launched obliquely

The previous section looked at projectiles that were launched horizontally. Another
common situation is when projectiles are launched obliquely (i.e. at an angle) by
being thrown forwards and upwards at the same time. An example of an oblique
launch is shooting for a goal in basketball (Figure 2.6.1). Once the ball is released,
the only forces acting on it are gravity (pulling it down to the Earth) and air
resistance (which slightly retards the ball’s motion).

FIGURE 2.6.1 A basketball thrown up towards the ring travels in a smooth parabolic path.

PROJECTILES LAUNCHED AT AN ANGLE

If drag forces are ignored, the only force acting on a projectile that is launched at an
angle to the horizontal is gravity, F,. This is the same as with projectiles launched
horizontally.

Gravity acts vertically downwards and so it has no effect on the projectile’s
horizontal motion. The vertical and horizontal components of the motion are
independent of each other and once again must be treated separately.

In the vertical direction, a projectile accelerates due to the force of gravity, that
is, at a rate of 9.8 ms™> downwards. Thus the vertical component of the projectile’s
velocity decreases as the projectile rises. It is momentarily zero at the top of the
flight and then it increases again as the projectile descends.

In the horizontal direction, the projectile has a uniform velocity since there are
no forces acting in this direction (if air resistance is ignored).

Tips for problems involving projectile motion

General rules for solving problems involving projectile motion were given in the
previous section—see page 95 for a reminder.

If a projectile is launched at an angle to the horizontal, trigonometry can be used
to find the components of the initial horizontal and vertical velocity. Pythagoras’s
theorem can then be used to determine the actual velocity of the projectile at any point
as well as its direction with respect to the horizontal plane. Worked example 2.6.1
demonstrates how this is done.
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Worked example 2.6.1

PROJECTILE LAUNCHED AT AN ANGLE

A 65 kg athlete in a long-jump event leaps with a velocity of 7.50ms™ at an angle
of 30.0° to the horizontal.

¢g=9.8ms’2

In answering the following questions, treat the athlete as a point mass, ignore air
resistance and assume that g =9.8ms=.

a What is the athlete’s velocity at the highest point in the jump?

Thinking Working

First find the horizontal and vertical
components of the initial speed.

Using trigonometry:
uy = 7.50c0s30.0°

=6.50ms™
u, = 7.50sin30.0°
=3.75ms™
Projectiles that are launched obliquely At maximum height, v=6.50ms™
move only horizontally at their highest horizontally to the right.

point. The vertical component of the
velocity at this point is zero. Thus the
actual velocity is given by the horizontal
component of the velocity.

b What is the maximum height gained by the athlete’s centre of mass during

the jump?
Thinking Working
To find the maximum height you must Vertically, taking up as positive:
work with the vertical component of the u=3.75ms"

velocity. Recall that the vertical component

_ 2
of velocity at the highest point is zero. a=-98ms

v=0
s=7?

Substitute these values into an appropriate | v2 = 2 + 2as
equation for uniform acceleration. 0=37524+2%x-98xs

Rearrange the equation and solve for s. _ 3.75?

$= 196
=0.72m
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PHYSICSFILE

Motorcycle jumping

A motorcycle jumping is an example

of projectile motion at an angle. The
distance the motorcycle can jump is a
function of its approach velocity to the
ramp, the ramp angle, and the mass of
the motorcycle and rider. Other factors
also play a significant role, such as
frictional forces, air resistance, wind
speed, etc.

Robert ‘Robbie” Maddison is an
Australian motorbike stunt performer.
He has broken several world records
for the distance jumped and has
successfully jumped distances over
105m and made a perfect landing.
Some of his feats include jumping
from one side to the other of the Tower
Bridge in London, with a backflip, while
the drawbridge was open.

A motorcycle jumping on a dirt track is an
example of a projectile launched at an angle

¢ Assuming a return to the original height, what is the total time the athlete is
in the air?

Thinking Working

As the motion is symmetrical, the time | Vertically, taking up as positive:
required to complete it will be double | , - 3 75m¢!
the time taken to reach the maximum

o -2
height. First, the time it takes to reach a=-9.8ms

the maximum height must be found. v=0
t=7?
Substitute the relevant values into v=u+at

an appropriate equation for uniform 0=23.75-9.8¢
acceleration.

Rearrange the formula and solve to 3.75

for t, the time needed to reach the T 98

maximum height. =0.38s

The time to complete the jump is Total time = 2x 0.383
double the time it takes to reach the =0.77s

maximum height.

Worked example: Try yourself 2.6.1

PROJECTILE LAUNCHED AT AN ANGLE

A 50kg athlete in a long-jump event leaps with a velocity of 6.50ms™ at 20.0° to
the horizontal.
l g=98ms>

In answering the following questions, treat the athlete as a point mass, ignore air
resistance and use g = 9.8ms™

a What is the athlete’s velocity at the highest point in the jump?

b What is the maximum height gained by the athlete’s centre of mass during
the jump?

¢ Assuming a return to the original height, what is the total time the athlete is
in the air?
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ANALYSIS
The physics of shot putting

In shot-put competitions there is an advantage in being tall.

It means that the release height of the shot will be higher
than that of a competitor who is not as tall. It also means
the distance travelled by the shot will be greater.

At the 2020 Tokyo Olympic Games the men’s event was
won by Ryan Crouser of the United State of America, with a
distance of 23.30m. Crouser is 201 cm tall. The gold medal
for women was won by Gong Lijiao of China (175cm tall),
with a distance of 20.58 m.

When a projectile is launched at an angle to the
horizontal, the theoretical launch angle that gives the
maximum range is 45°. This applies only where a projectile
lands at the same height as it was launched. A projectile
could land at a point lower than its launch height. For
example, shot putters launch their shot from above
the ground. The theoretical launch angle for maximum
range in this case is approximately 43°, depending on
the actual release height. In reality, however, shot putters
never release at this angle. This is because the speed at
which they can launch the shot decreases as the angle
gets further from the horizontal. Figure 2.6.2 shows the
relationship between launch speed and launch angle.

(ms™)

Launch speed

0 10 20 30 40 50 60 70 80 90
Launch angle (degrees)

FIGURE 2.6.2 A graph showing how launch speed is greatest with a
horizontal launch and decreases as the launch angle increases

The decrease in launch speed with an increase in launch
angle is caused by two factors:

* When throwing with a high launch angle, the shot putter
must expend a greater effort during the delivery phase
to overcome the force of gravity. This reduces the launch
speed.

» The structure of the shoulder and arm favours the
production of putting force in the horizontal direction
more than in the vertical direction.

The optimum launch angle for an athlete is obtained by
combining the speed-angle relation for the athlete with
the equation for the range of a projectile in free flight. For
these reasons, the optimum launch angle for shot putters
is actually around 34°.

Analysis

In a shot-put event a 3.0kg shot is launched with an initial
velocity of 7.5ms™ from a height of 1.6m and at an angle
of 30° to the horizontal.

1 What is the initial horizontal speed of the shot?
2 What is the initial vertical speed of the shot?

3 How long does it take the shot to reach its maximum
height?

4 What is the maximum height from the ground reached
by the shot?

5 What is the speed of the shot when it reaches its
maximum height?

6 What distance does the shot put travel?
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2.6 Review

SUMMARY

» Projectiles move in parabolic paths that can be » |If air resistance is ignored, the horizontal velocity of
analysed by considering the horizontal and vertical a projectile remains constant throughout its flight.
components of their motion. The appropriate equation is:

+ If air resistance is ignored, the only force acting on a
projectile is the force due to gravity, f,. This results
in the projectile having a vertical acceleration of
9.8ms™? downwards during its flight.

s
Vo = 7
t
» For objects initially launched at an angle to the
horizontal, it is useful to calculate the initial

» The equations for uniform acceleration can be ) ) - ) )
horizontal and vertical velocities using trigonometry.

used to determine the vertical component. These

equations are: » At its highest point, the projectile is moving

horizontally. Its velocity at this point is given by the

VSUeEs horizontal component of its launch velocity. The
S=ut+ latZ vertical component of the velocity is zero at this
. 2 point.

VS =u+2as
KEY QUESTIONS
Knowledge and understanding Analysis
In answering the following questions, assume that the 5 In a shot-put event a 3.5kg shot is launched from a
acceleration due to gravity is 9.8ms™ and ignore the height of 1.8 m at an angle of 25° to the horizontal. Its
effects of air resistance unless otherwise stated. initial velocity is 12ms™.
1 Ajavelin thrower launches her javelin at 35° above the 2ms! oemmm T N

horizontal. Describe how the horizontal velocity of the 250 BRI

javelin changes during its flight.

2 James and Ollie are using a garden hose to water
some raised veggie beds that are approximately waist
height. The hose is quite short, and the water does not
reach the farthest plants. James thinks that if they hold
the hose horizontally, all of the velocity of the water will

be in the horizontal direction, so the water will reach a What ?S the in?t?al hori;ontal speed of the shot?
the furthest. Ollie thinks the water will reach furthest if b What is the initial vertical speed of the shot?
they hold the hose at 45°. Who is correct, and why? ¢ How long does it take the shot to reach its

i ioht?
3 Arugby player kicks for a goal by taking a place kick maximum height?

with the ball at rest on the ground. The ball is kicked d What is the maximum height from the ground

at 40° to the horizontal at 25ms™. At its highest point, reached by the shot?
what is the speed of the ball? e What is the speed of the shot when it reaches its

maximum height?

4 A basketballer shoots for a goal by launching the ball f What distance does the shot put travel?

at 25ms™ at 30° to the horizontal.

a Calculate the initial horizontal speed of the ball.

b What is the initial vertical speed of the ball?

¢ What is the magnitude and direction of the
acceleration of the ball when it is at its maximum
height?

d What is the speed of the ball when it is at its
maximum height?
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6 A tennis player is using a tennis ball machine to
practise her forehand. She sets the machine to launch
tennis balls with an initial velocity of 22.0ms™ at an
angle of 10.0° above the horizontal. The balls are
launched from approximately the same height as her
racquet. Give your answers to 3 significant figures.

22.0ms;1/,—' \‘o\
Te
i el

T )
[ 1

a Calculate the horizontal component of the velocity
of the ball:
i initially
ii after 0.25s
iii after 0.50s
b Calculate the vertical component of the velocity of
the ball:
i initially
ii after 0.25s
iii after 0.50s
¢ What is the speed of the tennis ball after 0.50s?
d What is the speed of the ball as it hits her racquet?
e What horizontal distance does the ball travel before
it hits her racquet—that is, what is its range?
Describe what effect air resistance has on the ball.

-~
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Chapter review

KEY TERMS

air resistance design speed

normal force

banked track frequency period
centripetal acceleration  inclined plane projectile
centripetal force magnitude tangential

REVIEW QUESTIONS

Knowledge and understanding

1 A bowling ball is rolling down a smooth, straight
ramp. Describe the speed and acceleration of the
ball.

2 Acyclistis riding at high speed around a steeply
banked section of a velodrome. Choose the option
below that best describes the magnitude of the
normal force acting on the cyclist.

A zero

B greater than the force of gravity on the cyclist
C equal to the force of gravity on the cyclist

D less than the force of gravity on the cyclist

3 A bowling ball is rolling down a smooth track that is
inclined at 45° to the horizontal.

a What is the magnitude of the acceleration of
the ball?

b How does the magnitude of the normal force
acting on the ball compare to the force due to
gravity?

4 Two students are discussing a demonstration in
which a bucket half filled with water was swung at
high speed in a vertical circle. No water spilled out
of the bucket as it passed the overhead position.
Dave states that at the top of the circle, a centrifugal
force acts outwards against the force due to gravity
and so holds the water in the bucket. Emma states
that inertia keeps the water in the bucket and the
normal force from the bucket keeps the water
travelling in a circular path. Who is correct, and why?

5 Two blocks are connected by a string that passes
over a smooth pulley. One of the blocks is placed on
a frictionless table and the other is free to move up
or down. The block on the table has a mass of 5.0kg
and the connected block has a mass of 10.0kg.
a At what rate do the blocks accelerate?
b What is the magnitude of the tension in the

string?

6 A skier of mass 90kg is skiing down an icy
slope that is inclined at 15° to the horizontal. In
answering the following questions, assume that
friction is negligible and that the acceleration due
to gravity is 9.8ms™.

10

a Determine the components of the force on the skier
due to gravity perpendicular to the slope and parallel
to the slope.

b Determine the normal force that acts on the skier.

¢ Calculate the acceleration of the skier down the slope.

A locomotive of mass 7500kg is pulling two carriages.
Carriage A has a mass of 10000kg and carriage B has a
mass of 5000kg. The locomotive accelerates at 2.0ms=.
The drag force on carriage A is 2000 N, on carriage B it is
1000N and on the locomotive it is 1500 N.

a Calculate the driving force of the locomotive engine.

b Calculate the magnitude of the tension in the coupling

between the two carriages.

A 1000kg car tows a 200 kg trailer along a level surface
at an acceleration of 2.5ms™. The frictional drag on the
car is 800N and the frictional drag on the trailer is 700 N.
Calculate the driving force provided by the car engine to
give this acceleration.

A marble is rolled from rest down a smooth slide that is

3.5m long. The slide is inclined at an angle of 40° to the

horizontal.

a Calculate the acceleration of the marble.

b What is the speed of the marble as it reaches the end
of the slide?

Marshall has a mass of 57 kg and is riding his 3.0kg
skateboard down a 5.0m long ramp that is inclined at
an angle of 65° to the horizontal. Ignore friction when
answering questions a to d.

a Calculate the magnitude of the normal force acting on
Marshall and his skateboard.

b What is the acceleration of Marshall as he travels down
the ramp?

¢ What is the net force acting on Marshall and his board
when no friction acts?

d If Marshall’s initial speed is zero at the top of the
ramp, calculate his final speed as he reaches the
bottom of the ramp.

e Marshall now stands halfway up the incline while
holding his board in his hands. Friction now acts on
him. Calculate the frictional force acting on Marshall
while he is standing stationary on the ramp.
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11 During a high-school physics experiment, a copper ball 15 A toy car is moving at 3.75ms™ as it rolls off a

of mass 25.0g is attached to a very light piece of steel horizontal table. The car takes 1.5s to reach the floor.
wire 0.920 m long and whirled in a circle at 30.0° to a How far does the car land from the table?

the horizontal, as shown in diagram (a). The ball moves b What is the magnitude and direction of acceleration
in a circular path of radius 0.800 m with a period of when the car is halfway to the floor?

1.36s. The top view of the ball’s motion is shown in

16 A bowling ball of mass 8.75kg travelling at 15.0ms™
rolls off a horizontal table that is 1.27 m high.
a What is the horizontal speed of the ball as it strikes
the floor?
b What is the vertical speed of the ball as it strikes
the floor?

¢ Calculate the speed of the ball as it reaches
the floor.

Application and analysis
17 In a tennis match, a tennis ball is hit from a height

diagram (b).
(a) (b) A N

a Calculate the orbital speed of the ball. of 1.70m with an initial velocity of 18.5ms™ at an
b What is the centripetal acceleration of the ball? angle of 46.0° to the horizontal. Ignore drag forces in
¢ What is the magnitude of the centripetal force acting answering the following questions.
on the ball? a What is the initial horizontal speed of the ball?
d Draw a diagram similar to diagram (a) showing all b What is the initial vertical speed of the ball?
the forces acting on the ball. ¢ What is the maximum height that the ball reaches
e What is the magnitude of the tension in the wire? above the court surface?
12 Atoy car is travelling in a circular path of radius 15m 18 An experiment examined the relationship between the
at a constant speed of 7.5ms™. distance an object travels and the time it takes to travel

that distance as it falls from a height of 20m. The
following data show the distance the object has fallen
and the time when the object was at that distance. For

circular path? _ .
, ) example, 1.212s after the object was dropped it had
13 A cycling track has a turn that is banked at 40° to the o lllen 725

horizontal. The radius of the track at this point is 30 m.

Determine the speed at which a cyclist of mass 60 kg
would experience no sideways force as they ride along 0.0 0.000
this section of track.

a What is the acceleration of the toy car?
b What force is keeping the toy car moving in its

1.0 0.452

14 The Ferris wheel at an amusement park has an arm
of 10m radius and its compartments move with a 2.5 0.714
constant speed of 5.0ms™. 3.0 0.782

a Calculate the normal force that a 50kg boy would
5.0 1.010

experience from the seat when at the:
i top of the ride 7.2 1.212
ii bottom of the ride.

9.1 1.363
b After getting off the ride, the boy remarks to a friend
that he felt lighter than usual at the top of the ride. 11.5 1.532
Which option explains why he might feel lighter at 13.2 1.641
the top of the ride?
A He lost weight during the ride. a What is the rate at which the object drops?
B The strength of the gravitational field was weaker b Plot the time to fall (s) as a function of distance the
at the top of the ride. object has fallen (m).
C The normal force there was larger than the ¢ Predict the time taken to fall 15m.

gravitational force.
D The normal force there was smaller than the
gravitational force.
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19 An experiment is conducted to examine the a Plot the horizontal distance travelled by the object

relationship between the horizontal distance an object as a function of time.
travels and the vertical distance it falls when launched b Using the data, calculate the horizontal velocity of
at an angle of 25° from the horizontal, and from a the object.
vertical height of 15 m. An electronic device recorded ¢ Plot the horizontal velocity as a function of time.
the horizontal distance travelled and the vertical What observations can you make from the plot?
height after each 0.1 second. d Using the data, calculate the horizontal acceleration
Horizontal distance | Time (s) Height (m) of the objec.t. . . .
travelled (m) e Plot the horizontal acceleration as a function of time.
What observations can you make from the plot?

0.10 0.1 15.0

0.20 0.2 15.2

0.30 0.3 15.6

0.40 0.4 16.2

0.50 05 17.0

0.60 0.6 18.0

0.70 0.7 19.2

0.80 0.8 18.0

0.90 0.9 17.0

1.00 1.0 16.2

1.10 1.1 15.6

1.20 1.2 15.2

1.30 1.3 15.0

1.40 1.4 143

1.45 1.5 13.6

1.50 1.6 12.8

1.55 1.7 12.2

1.60 18 115

1.65 19 10.9

170 2.0 10.1

1.75 2.1 9.5

1.80 2.2 8.7

1.85 2.3 8.2

1.90 24 7.6

1.95 2.5 6.5

2.00 2.6 5.8

2.05 2.7 5.1

2.10 2.8 43

2.15 29 3.7

2.20 3.0 29

2.25 3.1 20
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CHAPTER

The relationship between force,
energy and mass

In 1675 Isaac Newton said, ‘If | have seen further it is by standing on the shoulders
of giants’. What he meant by this is that he had relied on the work of brilliant
minds that preceded him, in particular Galileo Galilei (1564-1642). Newton refined
Galileo’s work on motion and gravity when he published Philosophiae Naturalis
Principia Mathematica in 1687, a work in which he outlined the connection between
the force and motion of bodies with mass. In this chapter we will investigate the
connection between force and energy, and their effect on mass.

Key knowledge
» investigate and apply theoretically and practically the laws of energy and
momentum conservation in isolated systems in one dimension 3.1, 3.6

investigate and analyse theoretically and practically impulse in an isolated
system for collisions between objects moving in a straight line: FAt = mAv 3.2

investigate and apply theoretically and practically the concept of work done by
a force using:

— work done = force x displacement 3.3
— work done = area under force vs distance graph (one dimensional only) 3.3

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

— kinetic energy at low speeds: E, = %va; elastic and inelastic collisions with

reference to conservation of kinetic energy 3.5
elastic potential energy: area under force-distance graph including ideal

springs obeying Hooke’s Law: E, = ékx2 34

gravitational potential energy: E, = mgAh or from area under a force-distance
graph and area under a field-distance graph multiplied by mass 3.5

VCE Physics Study Design extracts © VCAA (2022); reproduced by permission




FIGURE 3.1.1 Newton's cradle is a popular
illustration of almost perfect conservation of
momentum. As the raised sphere collides with
the other spheres, the sphere’s momentum is
passed on until the final sphere continues with
almost the same momentum as the original.
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PHYSICSFILE

Discovering the neutrino

Conservation of momentum helped
scientists discover the neutrino. In

the 1920s, it was observed that in
beta decay, a nucleus emitted a beta
particle. However, when the nucleus
recoiled, it was not in the exact
opposite direction to the emitted
electron. Thus the momentum of these
particles did not appear to comply with
the law of conservation of momentum.
In 1930, Wolfgang Pauli proposed

that another particle must have also
been emitted in order to conserve the
total momentum of the system. This
particle, the neutrino, was not detected
experimentally until 1956. As you read
this, billions of neutrinos originating
from the Sun are passing through your
body and the Earth.

3.1 Conservation of momentum

Where there are moving objects, there are bound to be collisions. These can range
from the interaction of sub-atomic particles to events on a galactic scale. Newton’s
cradle (Figure 3.1.1) provides another example of a collision. It also provides a
demonstration of the law of conservation of momentum, a powerful tool with
which to analyse collisions.

THE LAW OF CONSERVATION OF MOMENTUM

The product of the mass of an object and its velocity is called its momentum, and
is given by the following equation.

p=mv
where p is momentum (kgms™)
m is the mass of the object (kg)
v is the velocity of the object (ms™)

Given that velocity is a vector quantity and momentum is calculated from
velocity, it follows that momentum is also a vector quantity.

The law of conservation of momentum states that in any collision or
interaction between two or more objects in an isolated system, the total momentum
of the system will be conserved (that is, it will remain constant). The total initial
momentum is equal to the total final momentum:

sum of the initial momentum (Zp, ;) = sum of the final momentum (Zpy,,)
where X is the mathematical symbol representing the addition of each factor.
Hence Xp, ;. 18 the sum of the initial momentum of each object in the system and
XPgna 18 the sum of the final momentum of each object in the system.

ZDinitial = 2Psnal

Another way of putting this is that the total change in momentum of the system
is zero. This is often found by adding up the change in momentum of all the parts
of the system:

SAp=0

In physics, a collision refers to a situation where two objects interact and exert
action-reaction forces on each other. T’hey do not have to make physical contact. For
instance, two identically charged particles could approach and repel one another,
moving off in opposite directions without ever making physical contact. This is still
considered a collision and the law of conservation of momentum still applies.

Note that the law refers to objects in an isolated system. For a system to
be isolated, there are only internal forces acting between the objects, with no
interaction with any objects outside the system. In reality, perfectly isolated systems
cannot exist on the Earth because of friction and gravity. There are, however, many
situations where treating a system as isolated is a useful approximation.

In the rear-end collision between a car and a bus examined in Worked
example 3.1.1, friction is relatively small compared to the forces exerted by the
vehicles on one another. Therefore the vehicles can be treated as an isolated system.
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Worked example 3.1.1

CONSERVATION OF MOMENTUM

In a head-on collision on a demolition derby track, a car of mass 1000 kg travelling
east at 20.0ms™! crashes into a mini-bus of mass 5000 kg travelling west at
8.00ms™. Assume that the car and mini-bus lock together on impact and ignore
the effect of friction.

a Calculate the final common velocity of the vehicles.

Thinking

Working

In this case we will consider vectors directed
eastwards to be positive.

First assign a direction that
will be considered positive.

Note: as long as directions m, =1000kg
are assigned positive or u, =200ms™
negative consistently in the _

same problem, it does not m;, =5000kg .
matter which direction is u, =-8.00ms”

assigned positive.

Apply the law of conservation
of momentum.

ZPinitial = ZPinal
m.u, +mgu, = (m,+m,)v
(1000)(20.0) + (5000)(~8.00) = (1000 + 5000)v

(—20000) = (6 000)v

, _ (-20000)
(6000)

=-3.33333

=3.33ms™! west

b Calculate the change in momentum of the car.

Thinking Working

The change in momentum of AP, = Piinal — Pinitial

the car is its final momentum =m.(v-u)

minus its initial momentum. —~1000(-3.33333-20.0)
=-23333.3

=233x10*kgms™ west

¢ Calculate the change in momentum of the bus.

Thinking

Working

The change in momentum of
the bus is its final momentum
minus its initial momentum.

APy = Prinal = Pintial
=my(v—u)
=5000(-3.33333-(-8.00))
=233333

=233x10*kgms™ east

d Verify that the momentum of the system is constant.

Thinking

Working

The total change in the

momentum of a system is
the vector sum of the change
of momentum of its parts.
This should be zero, from the
conservation of momentum.

Ap, +Ap, = (-2.33x10") +(2.33x10") =0

Therefore the momentum of the system is
constant (i.e. conserved) as expected.
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Worked example: Try yourself 3.1.1

CONSERVATION OF MOMENTUM

In a safety-rating test of head-on collisions, a car of mass 1200kg travelling east at
22.0ms™ crashes into a bus of mass 7000kg travelling west at 15.0ms™. Assume
that the car and bus lock together on impact. You can ignore the effect of friction.

a Calculate the final common velocity of the vehicles.

b Calculate the change in momentum of the car.

¢ Calculate the change in momentum of the bus.

d Verify that the momentum of the system is constant.

CONSERVATION OF MOMENTUM FROM NEWTON’S LAWS

The principle of conservation of momentum follows directly from Newton’s second
and third laws. This can be shown in the following way.

Consider a bowling ball of mass #, moving with an initial velocity of u,. It
collides with a stationary pin of mass m,. The velocities of both the ball and pin
change. The pin’s final velocity is represented by v, in Figure 3.1.2.

When the ball and pin collide, they exert action—reaction forces on each other
and, according to Newton’s third law:

F bp = -F, pb

The forces cause the ball to decelerate and the pin to accelerate. Thus from
Newton’s second law (F = ma):

M@y, = —m,a,

The ball and pin are in contact for time Az. Thus we can rewrite acceleration in
terms of velocity:

(v, —14,) (v, —u,)
v T L. My ——
At At

The times are the same and so they cancel out, leaving:

my, (v, — u,) = _mp(vp - up)

Expanding and rearranging gives:

My, + MU, = Moy, + myv,

The left-hand side of this equation describes the initial momentum of the
system and the right-hand side represents the final momentum of the system. Thus
an application of Newton’s second and third laws has produced the equation for
the conservation of momentum.

6" © o

FIGURE 3.1.2 When a bowling ball collides with a pin, they exert equal but opposite forces on each other. These forces cause the ball to lose some
momentum and the pin to gain an equal amount of momentum.
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Worked example 3.1.2
REBOUNDING

In a football game, player A of mass 80.0kg travelling towards the goal at 9.00ms™!

collides with an opposition player (player B) of mass 72.0 kg travelling away from
the goal at 6.50 ms. After the collision, player A is travelling towards the goal at
0.50ms™1. Assume that the two players rebound off each other on impact and

ignore the effects of friction.

a Calculate the sum of the momentum of the two players before the collision.

Thinking

Working

First assign a direction that will be
considered positive.

In this case we will consider vectors
directed towards the goal to be
positive.

m, = 80.0kg

u, =9.00ms™

v, =0.50ms™

mg =72.0kg

Uy =-6.50ms™
Use the equation of momentum for EPunitial = Pa + P
each player and substitute the values. = MU, + Mgy

= (80.0)(9.00) + (72.0)(-6.50)
= (720) + (-468)
=252kgms™* towards the goal

b Calculate the final velocity of the opposition player (player B).

Thinking

Working

The sum of the momentum after the
collision is equal to the sum of the
momentum before the collision.

ZPinitial = ZPrina
ZPinitial = MaVa + MgVg
252 = (80.0)(0.50) + (72.0)v,
o= 252-40.0
® 72.0
=2.94444
=2.94ms! towards the goal

¢ Calculate the change in momentum of player A.

Thinking Working

The change in momentum of player A | AP, = Psinal — Pinitial

is their final momentum minus their =m, (Vs —Uy)

initial momentum. — (80.0)(0.50 — 9.00)
=-680 kg ms™

=680 kg m s away from the goal
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d Calculate the change in momentum of player B.

initial momentum.

Thinking Working
The change in momentum of player B | Apg = D0 = Prnitial
is their final momentum minus their = Mg (Vs — Ug)

- (72.0)(2.944 44 — (-6.50))
=680kgms™ towards the goal

Worked example: Try yourself 3.1.2

REBOUNDING

In a child’s toy, a blue marble rolls along a track and collides with a red marble
rolling the other way. The blue marble has a mass of 0.00320kg and is travelling
south at 0.800ms™! as it hits the red marble. The red marble has a mass of
0.00150kg and is travelling north at 1.00ms~! when it hits the blue marble. After
the collision the blue marble begins travelling towards the south at 0.450ms™.
Assume that the two marbles bounce off each other on impact and ignore the

effect of friction.

a Calculate the sum of the momentum of the two marbles before they hit.

b Calculate the final velocity of the red marble.

¢ Calculate the change in momentum of the blue marble.

d Calculate the change in momentum of the red marble.

Worked example 3.1.3
EXPLOSIVE MOMENTUM

Two friends are standing on their stationary skateboards facing each other with
their hands gripped together. They place their feet together and push with their
legs as they release their hands. After releasing their grip, skater A, of mass 50.0kg,
travels towards the east at 3.50 ms-1. Skater B, of mass 34.0kg, travels in the
opposite direction. You can ignore the effect of friction.

their grip.

a Calculate the sum of the momentum of the two skaters before they release

Thinking

Working

Assign a direction that will be
considered positive.

In this case we will consider vectors
directed towards the east to be
positive.

m, =50.0kg
u,=0

v, =3.50ms™
mg = 34.0kg
Uy =0ms™!

Use the equation of momentum for
the combined mass of the skaters.

ZPinitial = Pa + Pg
=(m, +mglu
— (50.0 + 34.0)(0)
— (84.0)(0)
=0kgms™
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b Calculate the final velocity of skater B.

Thinking

Working

The sum of the momentum after the
skaters release their grip is equal to
the sum of the momentum before the
release.

ZPyitial = ZPrina
ZDinjtar = MaVa + MgV
(0) = (50.0)(3.50) + (34.0)v,
(34.0)v, =(-175)
vy =-5.14706
=5.15ms " west

¢ Calculate the change in momentum of skater A.

Thinking Working
The change in momentum of skater A | Ap, = Pyoa = Pt
is their final momentum minus their =M (Vs —U,)
initial momentum. SN
= (50.0)(3.50-0)
=175

=175kgms™ east

d Calculate the change in momentum of skater B.

Thinking

The change in momentum of skater B
is their final momentum minus their
initial momentum.

Working

APg = Piinal — Pinitial
= Mg (Vg — Us)
=(34.0)(-5.14706-0)
=-175

=175kgms™ west

Worked example: Try yourself 3.1.3
EXPLOSIVE MOMENTUM

Two ice dancers are standing still in the centre of an ice rink facing each other with
their palms together. They then begin their routine by pushing with their hands.
After pushing away, ice dancer A, of mass 62.0kg, travels towards the north at
2.20ms™. Ice dancer B, of mass 98.0kg, travels towards the south. You can ignore

the effect of friction.

away.

a Calculate the sum of the momentum of the two ice dancers before they push

b Calculate the final velocity of the dancer B.

¢ Calculate the change in momentum of ice dancer A.

d Calculate the change in momentum of ice dancer B.

PHYSICSFILE

Not so strongman

Traditionally, circus strongmen would
often perform a feat where they place a
large rock on their chest and then invite
another person to smash the rock with
a sledgehammer. This might seem at
first to be an act of extreme strength
and daring. However, a quick analysis
using the principle of conservation

of momentum will show otherwise.
Assume that the rock has a mass of

27 kg and that a sledgehammer of
mass 3.0 kg strikes it at 5.0ms™. From
the law of conservation of momentum,
we can show that the rock and
sledgehammer will move together at
just 0.50 ms™ after impact:

msu; + myu, = (m; + my)v
(3.0x5.0) + (27 x 0) = (3.0 + 27)v
15=30v

v=0.50ms"

This is a very low speed. The large

mass of the rock means that the final

common speed is too low to hurt the

strongman. A more dangerous feat

would be to use the sledgehammer to
smash a pebble.
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3.1 Review

SUMMARY

* The momentum of an object is the product of
its mass and its velocity: p = mv. Momentum is
measured in kgms.

+ The total momentum of an isolated system is
conserved; that is, the sum of the momentum of the
parts of a system before a collision is equal to the
sum of their momentum after the collision:

ZPiitial = ZPinal-

* In a simple collision between two objects of mass m,

and m,, this equation becomes:
myU; + My, = MyVy + MyY,

KEY QUESTIONS

Knowledge and understanding

1

Using the concepts investigated in this section, explain
why you are more likely to end up in the water when
attempting to step onto a dock from a stand-up
paddle board than when attempting to step onto a
dock from a river ferry.

Two toy cars have Velcro attached such that they
will stick together on contact. A child makes the
cars collide and both cars come to rest. Explain how
momentum is conserved in this situation.

Analysis

3

In an experiment, a student hangs a green sphere
(25.0kg) from a long rope and an orange sphere
(50.0kg) from another long rope. Each sphere has a
magnet attached. The spheres are pushed towards
each other. Just before they collide, the green sphere
is moving east at 3.50m s and the orange sphere is
moving west at 6.00msL. They collide in mid-air and
remain locked together due to the magnets. Calculate
the final velocity of the combined spheres.

» A collision between two objects can be described as:

— combined, where the objects lock together on
impact

— rebound, where the objects bounce off each other
and remain separate

— explosive, where the objects were combined
before moving away from each other.

While shunting empty railway carriages, an 11.0t
passenger carriage travelling at 7.50ms™! north
collides with a diner carriage of 16.0t that is also
travelling north but at 3.50ms™. The two carriages
lock together after the collision. Ignoring friction, find
their combined velocity.

A sports car of mass 1000kg travelling east at
36.0kmh=! approaches a station wagon of mass
2000kg moving west at 18.0kmh.

a i Calculate the momentum of the sports car.

ii Calculate the momentum of the station wagon.
iii Determine the sum of the momentum of these
vehicles.

b The two vehicles now collide head-on on an icy
stretch of road where there is negligible friction.
The vehicles remain locked together after the
collision.

i Calculate the common velocity of the two
vehicles after the collision.

ii Where has the initial momentum of the vehicles
gone?

iii Determine the change in momentum of the
sports car.

iv Determine the change in momentum of the
station wagon.

A 155g pink snooker ball travelling with initial velocity
5.00ms™ to the right collides with a stationary green
ball of mass 132g. The two balls rebound off each
other. If the final velocity of the pink ball is 3.00ms™!
to the left, calculate the velocity of the green ball after
the collision.
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7 Two students at a fun fair run at each other with large
fitness balls held in front of them. One student has
a yellow ball and is running at 4.20ms! east with a
total mass of 71.0kg. The other student has an orange
ball and is running at 5.30m s west with a total mass
of 65.0kg. After they collide and bounce off each
other, the final velocity of the student with the orange
ball is 1.40ms™! east. Calculate the final velocity of the
student with the yellow ball.

8 In a training exercise a group of astronauts investigate
what would happen in the event of a failed coupling
of a cargo ship with the International Space Station
(ISS). In a large hangar a model of the ISS, with a
mass of 4.20 x 10°kg, is suspended from the ceiling
and is stationary. A 3.20 x 10*kg model of a supply
ship is nearby and also suspended. The model of the
supply ship is pushed towards the model of the ISS. If
it is moving at 5.00ms south as it strikes the model
of the ISS and rebounds at 5.00ms! north, with what
velocity does the model of the ISS move after the
collision?

9 A stationary 1000kg cannon mounted on wheels
fires a 10.0kg shell east with a horizontal speed
of 505ms1. Assuming that friction is negligible,
calculate the recoil velocity of the cannon.

10 An astronaut is floating in deep space while holding
a toolbox. The total mass of the astronaut, including
their suit, is 235 kg and the mass of the toolbox is
46.0kg. The combined astronaut and toolbox are
drifting away from the spaceship at 0.750ms.
With no other way to get back to the spaceship the
astronaut decides to sacrifice the toolbox and throw
it as fast as possible in a direction away from the
spaceship. With what speed should the astronaut
throw the toolbox if they hope to move towards the
spaceship at 0.300ms™ after the throw?
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3.2 Impulse

In a car crash, it is not only how fast the car travels that determines the damage,
but how quickly it stops. This is a direct consequence of Newton’s second law of
motion. From F = ma, if a is small you can conclude that the force required to bring
the car to a stop will also be relatively small. On the other hand, if the car is brought
to a halt very rapidly (Figure 3.2.1), there will be a large deceleration requiring a
large force. The force determines the damage. Ignoring the likelihood of injury
caused by a large force that acts for a short time, such as in a car crash, a small
force acting for a longer time has the same effect: suddenly applying the brakes and
gradually applying the brakes both bring the car to rest. One way to quantify the
similarity between these situations is to describe the impulse in a collision, which
considers both the force and the time over which the force acts.

FIGURE 3.2.1 Rapid deceleration requires a large force and often results in damage and injury.

CHANGE IN MOMENTUM

Newton’s original formulation of his second law was not expressed in terms of
acceleration. Rather, he spoke of the ‘motion’ of a body that would be altered when
a force acted on that body over a time interval. This is very close to saying that the
momentum of the body changes when a resultant force acts on it. This is equivalent
to the more familiar F = ma formulation of Newton’s second law, as will now be
shown.

Consider a body of mass 7 with a resultant force F acting on it for time Az. The
mass will accelerate as described by Newton’s second law:

F=ma
mAv

S F= after substituting the definition of acceleration.

By rearranging this equation we can write:
FAt = mAv = Ap
The term mAwv is the change in the momentum of the body. It is also called the
impulse. The force involved in a collision can change in value during the collision,
so the average force is used. The average force acting on the body for a time Az
causes a change in the momentum.
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The term FAr is called the impulse of the resultant force and is equal to the
change in momentum of the object. That is:
impulse = FAr = Ap
where F is the average force acting on the object (IN)
At is the time over which the force acts (s)
Ap is the change in momentum of the object (kgms™).
Impulse is measured in newton seconds (N's)

It is important to note that impulse is a vector quantity. Its direction is the same
as that of the average force or of the change in momentum (or velocity).

Momentum units

Since impulse can be expressed in terms of a momentum change, the units for
momentum (kgms™) and impulse (N's) must be equivalent. This can be shown
using Newton’s second law.

Given that 1 N = 1kgms™ (from F = ma), it follows that 1N s = 1kgms™ X s.

Thatis, INs=1kgms™.

Even though the units are equivalent, they should be used with the appropriate
quantities as a reminder of the quantity that is being considered: momentum or
impulse. The newton second (N's) is the product of a force and a time interval and
so should be used with impulse. The kilogram metre per second (kgms™) is the
product of a mass and a velocity and so should be used with momentum. Even so,
it is not uncommon to see newton seconds used as the unit of momentum.

Worked example 3.2.1
CALCULATING THE IMPULSE

Calculate the impulse of a tree on a 1480kg sports car if the vehicle is travelling
at 93.0kmh~! north when the driver loses control of the vehicle on an icy road.
The car comes to rest against the tree.

Thinking Working
Convert the speed to ms™.

P 93.0kmh™ = @ms’1

3.6
=25.8333ms™!

Calculate the change in momentum. Ap =m(v—u)
The negative sign indicates that the =(1480)(0-25.8333)
change in momentum, and therefore — _382333x10*
the impulse, is in a direction opposite - A
to the initial momentum (with north as =3.82x10"Ns south
positive).
The impulse is equal to the change in impulse = 3.82 x 10*N's south
momentum.

Worked example: Try yourself 3.2.1
CALCULATING THE IMPULSE

Calculate the impulse of the braking system on the 1480kg sports car if the
vehicle was travelling at 95.5kmh=! north-east before coming to an abrupt halt.
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FORCE VERSUS TIME GRAPHS

In many situations the force applied to an object is not constant. For example, when
a tennis player hits a ball, the initial force exerted by the racquet is relatively small.
As the strings stretch and the ball deforms, this force builds up to a maximum
before decreasing again as the ball rebounds from the racquet. Where the force
changes over time, the relationship can be represented graphically (Figure 3.2.2).

The impulse of the ball, or the change in momentum, can be found from the
product FAz. This is simply the area under the force vs time graph.

Worked example 3.2.2
IMPULSE OF RUNNING SHOES

A running-shoe company plots the following force vs time graph for a running
shoe. Use the data to calculate the magnitude of the impulse.

2
2 T~
ol
2/ ~~
A Impulse = F X At = 0
= area under graph 0 20 40 60 80 100 120 140 160
Time (ms)
Thinking Working
Z Recall that impulse = FAt. ] 1 )
g This is the area under the force vs time | MPUISe = 2% base x height
raph.
grap :%x160><10‘3><2><103

=160Ns

0 003 006 009 012 0.15 Worked example: Try yourself 3.2.2

1) o IMPULSE OF RUNNING SHOES
FIGURE 3.2.2 The force changes with time as

the racquet strikes the ball.

A running-shoe company plots the following force vs time graph for an
alternative design intended to reduce the peak force on the heel. Calculate the
magnitude of the impulse.

2.00
e VSR ettt Rt~ iatuiut futatote iuiatnts Iuietah Sntetet
Y 1.00 / 115
5 /

0.00

0 15 30 45 60 75 90 105 120
Time (ms)

APPLICATIONS OF IMPULSE

The relationship between impulse, force and collision duration is useful in analysing
collisions. When a vehicle collides with another object and comes to rest, the vehicle
and occupants undergo a rapid deceleration. The impulse depends on the initial
speed of the vehicle and on its mass.

Since impulse = Ap = FAt, a large force is exerted to bring the vehicle to rest in
a very short time. Extending the time taken for a vehicle to stop reduces the force

exerted. Examples of increased stopping times in different activities are shown in
Figure 3.2.3.
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FIGURE 3.2.3 (a) The landing mat extends the time over which the athlete comes to rest, reducing
the size of the stopping force. If the high jumper missed the mat and landed on the ground, the force
would be larger, but their momentum change would be the same. (b) Thick padding around the goal
post extends the time over which a player who collides with it comes to rest, thereby reducing the
size of the stopping force. (c) Wicketkeepers follow the ball’s final trajectory with their gloves when
keeping. This extends the ball’s stopping time, reduces the stopping force and softens the blow on
the gloves.

Worked example 3.2.3
BRAKING FORCE

A 2520kg truck is travelling at 30.0ms™ before the brakes are applied.
Calculate the magnitude of the average force exerted by the brakes to bring the
vehicle to restin 12.0s.

the braking force, is in the direction
opposite to the initial momentum.

Thinking Working

Calculate the change in momentum. Ap =m(v—u)

The negative sign indicates that the =2520(0-30.0)
change in momentum, and therefore - _75600

=-7.56x10*kgms™

Transpose Ap = FAt to find the force. £ Ap

The sign of the momentum can be T At

ignored, since you are only finding the 75600

magnitude of the average force. 7120
=6.30x10°N

Worked example: Try yourself 3.2.3

BRAKING FORCE

The same 2520kg truck travelling at 30.0ms! needs to stop in 1.50s because
a vehicle in front has suddenly stopped. Calculate the magnitude of the average
braking force required to stop the truck in that time.
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Safety features in cars—such as crumple zones and airbags (Figure 3.2.4)—
are designed to extend Az. This reduces the force on the occupants of the vehicle,
potentially saving lives and preventing injuries.

FIGURE 3.2.4 Airbags reduce the force on passengers by extending the time it takes for them to stop
in the event of a collision.

Figure 3.2.5(b) shows a force vs time graph for a collision where an airbag is
inflated compared with one where there is no airbag. The change in momentum, or
impulse, of the passenger is the same in each case. Thus the area under each curve
should be equal. Note, however, that both the peak force and the average force
are significantly higher where there is no airbag. The broader peak for the airbag
indicates that the passenger is losing their momentum over a longer time and thus
experiencing a lower force.

(b)
z
3
S
kel
(Y]
= . noairbag
o
<<
with airbag

0 20 40 60 80 100 120 140
Time (ms)
FIGURE 3.2.5 (a) Diagram of an airbag being inflated in a collision. (b) Graph illustrating the
difference in the force on a passenger over time when an airbag is inflated in a collision (solid line),
and when no airbag is present (dotted line).
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Car safety and crumple zones

Worldwide, car accidents are responsible for millions of
deaths each year. Many times this number of people are
injured. One way of reducing the road toll is to design
safer vehicles. Modern cars employ a variety of safety
features that help to improve the occupants’ chances of
surviving an accident. Some of these safety features are
the antilock braking system (ABS), electronic stability
control (ESC), inertia reel seatbelts, variable-ratio-response
steering systems, collapsible steering columns, head rests,
shatterproof windscreen glass, padded dashboards, front
and side airbags, front and rear crumple zones and a rigid
passenger compartment.

Some cars today are equipped with collision avoidance
systems. These have radar, laser or infrared sensors that
advise the driver of a hazardous situation. They may even
take control of the car when an accident appears likely.

The purpose of such safety features as inertia
reel seatbelts, collapsible steering columns, padded
dashboards, airbags and crumple zones is not to reduce
the size of the impulse, but to reduce the size of the forces
that act to bring the car to a stop. Automotive engineers
strive to achieve this by extending the time over which the
driver loses momentum.

Crumple zones

A popular misconception is that cars would be much

safer if they were sturdier and more rigid. Drivers often
complain that cars seem to collapse too easily during
collisions, and that it would be better if cars were
structurally stronger—more like an army tank. In fact,

cars are specifically designed to crumple to some extent
(Figure 3.2.6). This makes them safer and actually reduces
the seriousness of injuries suffered in car accidents.

FIGURE 3.2.6 Cars are designed with weak points in their chassis
that enable them to crumple in the event of a collision. This extends
the time over which they come to rest and so reduces the size of the
forces acting on the occupants.
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Army tanks are designed to be extremely sturdy and
rigid vehicles. They are able to withstand the effect of
collisions without suffering serious structural damage. If a
tank travelling at 60.0kmh=! crashed into a solid obstacle,
the tank would be relatively undamaged. However, its
occupants would very likely be killed. This is because the
tank has no give in its structure and so the tank and its
occupants would stop in an extremely short time interval.
The occupants would lose all their momentum in an
instant, which means that the forces acting on them would
necessarily be very large. These large forces would cause
the occupants of the tank to sustain very serious injuries,
even if they were wearing seatbelts.

Cars today have strong and rigid passenger
compartments; however, they are also designed with non-
rigid sections—such as bonnets and boots—that crumple
if the car is struck from the front or rear (Figure 3.2.7). The
chassis contains parts that have grooves or beads cast into
them. In a collision, these grooves or beads act as weak
points, causing the chassis to crumple in a concertina
shape.

FIGURE 3.2.7 The Australian New Car Assessment Program (ANCAP)
assesses the crashworthiness of new cars. This car has just crashed at
50kmhinto a 5t concrete block. The crumpling effect can be seen.

By crumpling the front or rear of the car, the time
interval over which the car and its occupants come to a
stop is extended. This stopping time is typically longer
than 0.1s in a 50kmh=! crash. Because the occupants’
momentum is lost more gradually, the peak forces that
act on them are smaller and so the chances of injury are
reduced.

continued over page
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CASE STUDY W.\\T.\N&IER continued

Analysis

1

Consider the driver of a car that crashes into a tree
while driving north at 60.0km h-2. If the driver has a
mass of 90.0kg, calculate the momentum of the driver
just before the collision.

If the driver comes to a complete stop as a result of
the collision, calculate their change in momentum (i.e.
the impulse).

How would the impulse change if the collision
occurred over a longer period of time?

Compare the impulse experienced by a 90.0 kg driver
of a car to the impulse experienced by a 90.0kg driver
of a tank if both were to crash and come to a stop
from 60.0km h-L.

3.2 Review

* When a force is exerted on an object over a time
interval, At, it brings about a change in momentum,
Ap, by changing the velocity of the object:

FAt = mAv = Ap

* Impulse is the change in the momentum of an
object.

+ The unit of impulse is the newton second (N s) and
the unit of change in momentum is kgms-. These
units are equivalent.

KEY QUESTIONS

Knowledge and understanding

1

A 165g cricket ball flies past the wicket at 155kmh-!
and is stopped by the wicket keeper. Calculate the
magnitude of the impulse delivered by the ball to the
wicket keeper.

When a tennis player serves, she hits a 57.0g

tennis ball at the top of its flight when the ball is
momentarily stationary. It then leaves the racquet at
144 kmh-1. If the ball and racquet are in contact for
0.0600s, calculate the magnitude of the average force
exerted by the racquet on the ball.

6

Calculate the force on the 90.0 kg car driver if the
impulse experienced by the driver occurred over a
period of 985 ms.

Calculate the force on the 90.0 kg tank driver if the
impulse experienced by the driver occurred over a
period of 81.5ms. Assume that the tank, like the car, is
travelling north before the impact.

Given that the conditions of a collision are identical
except for the period of time over which the collision
occurs, how would you describe the relationship
between the force experienced and the period of time?

Impulse can be calculated from the area under a

force vs time graph.
When designing for safety during collisions,

measures are taken to increase the time of an
interaction in order to reduce the maximum force

experienced during that interaction.

3 A basketball of mass 0.625kg is bounced against

the court at a speed of 32.0ms.. It rebounds at
24.5ms™. Calculate the average force exerted by the
court on the ball if the interaction lasts 16.5ms.

Consider a 100t train travelling at 50.0kmh-1.

a Calculate the momentum of the train.

b Calculate the magnitude of the impulse if the train
were to collide with a 5.00t truck at a level crossing
and push the truck for 15.0 m before coming to
rest.
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Analysis

5 Three balls of identical mass are thrown against a
surface at the same speed.
Ball A stops on impact.
Ball B rebounds with 75% of its initial speed.
Ball C rebounds with 50% of its initial speed.
Order the balls in terms of their change in
momentum, from least to most.

6 A child wearing a backpack jumps from a tree and
lands on her feet. Describe at least three factors that
will influence the force on her knees and ankles when
she lands. In your response, you may wish to refer to
the child’s footwear, her landing technique and the
surface on which she lands.

7 Two crash-test cars of identical mass are travelling
at 22.0ms! towards a solid concrete block. Car A
is designed with crumple zones built into the front
of the chassis and car B is built with a rigid chassis.
The passenger compartment of car A comes to rest
.......... H in 0.08965s after hitting the concrete block, while the
passenger compartment in car B comes to rest in
0.00400s. By what factor does the average force on
car B compare to car A?

8 The graph below represents the force exerted by
an athlete’s foot over the 200 ms that his foot is in
contact with the ground.
a Calculate the magnitude of the impulse of the
athlete on the ground.
b Calculate the magnitude of the average force
exerted by his foot over the duration of the contact.

—_
|

Force (kN)

100
Time (ms)

9 Atennis ball of mass 57.5g is tested for compliance
with tennis regulations by being dropped from a height
of 251 cm onto concrete. A bounce height of 146 cm is

__________ 5 deemed acceptable. Find the magnitude of the average
force on a ball that just reaches the acceptable height if
it is in contact with the concrete for 0.0550s.
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3.3 Work done

In everyday language, the concept of work is associated with effort and putting
energy into something, whether it be your studies, sports or a part time job.
Although the word work has a much more specific meaning in physics, it is still
connected with energy.

When an unbalanced force acts on an object over a time interval, the object
accelerates and its momentum changes. When the force causes a displacement
in the direction of the force, the energy of the object changes, and we say that
work has been done. The weightlifter in Figure 3.3.1 does work by exerting a force
and causing the barbell to undergo a displacement. The gravitational potential
energy of the barbell is increased and the store of chemical energy in the muscles
of the weightlifter is decreased.

FIGURE 3.3.1 Suamili Nanai broke the Australian clean-and-jerk record in July 2021 by lifting 201 kg
above his head in two movements.

CALCULATING WORK

Work is the transfer of energy from one object to another and/or the transformation
of energy from one form to another. A force does work on an object when it acts on
that object and causes a displacement in the direction of the force. Where the force
is constant, the work done by the force is given by the following equation.

W=Fs

where W is the work done by the force (J)
F is the magnitude of the constant force (N)
s is the displacement (m)
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If the force is applied at an angle to the displacement, only the component of
the force in the direction of the displacement contributes to the work done. If the
force and displacement vectors are at an angle 6 to each other, then Fcos 8 is the
component of the force that does the work.

W= Fs cos 6
where W is the work done by the force (])
F is the magnitude of the constant force (N)
s is the displacement (m)
6 is the angle between the force and displacement vectors

While both force and displacement are vectors, work and energy are scalar
quantities and are measured in joules (J).

To find the work done on an object, it is the net force that needs to be used. For
instance, if a person pushes a heavy couch across a carpeted floor, the work done
on the couch depends on the force applied by the person less the frictional force
that opposes the motion:

W=AE=F,_s

In this section we will assume that any force that acts to do work on an object is

the net force.

Worked example 3.3.1

FORCE APPLIED AT AN ANGLE TO THE DISPLACEMENT

A rope that is 30.0° to the horizontal is used to pull a 10.0kg crate across a rough
floor. The crate is initially at rest and is dragged 4.00 m along the floor. The tension,
F,, in the rope is 50.0N and the frictional force, F;, opposing the motion is 20.0N.

a Determine the work done by the person.

Thinking

Working

Draw a diagram of the forces in action. F —

Find the component of the tension
in the rope that is in the direction of
the displacement (shown by the red

F =F, cos30.0°
=50.0 x c0s30.0°

arrow). =43.3013N

Find the work done by the person. W = Fs
=43.3013x4.00
=1.73205%10?
=1.73x10%J

PHYSICSFILE

How much work does it take
to break a record?

In July 2021, weightlifter Suamili
Nanai (Figure 3.3.1) became the
male Australian record holder for the
clean-and-jerk when he lifted 201 kg
from the ground to above his head.
While it is difficult to determine how
much time and effort had gone into
Nanai’s preparations for breaking the
record, we can calculate the work he
did against gravity to lift the record
mass. Assuming that he lifted the mass
from the ground to 205 cm above the
ground, we can calculate the work
done as:
W=Fs

=mgs

=201x9.8x2.05

=4038.1

= 4040
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FIGURE 3.3.2 A body moving in a circular path
has a force directed towards the centre of the
path. The displacement is in the direction of
the velocity. There is therefore no force in the
direction of the displacement and thus no work
is done.

b Calculate the work done on the crate.

Thinking Working

The work done on the crate is the net force | W =Fs

acting on it multiplied by the displacement. =(F-F)s

(This is also the increase in the kinetic _

energy of the crate.) - (9433;0013 —20.0)x4.00

=93.2J

¢ Calculate the energy transformed into heat and sound due to the frictional

force.
Thinking Working
The energy transformed into heat and E=173.2-93.20
sound due to the frictional force is the -7999
difference between the work done by the ~80.0J
person and the energy gained by the crate. e
This is equal to the work done against W, =Fs
friction, which can also be calculated from =20.0x4.00
the frictional force. ~800J

Worked example: Try yourself 3.3.1

FORCE APPLIED AT AN ANGLE TO THE DISPLACEMENT

A boy moves a toy car by pulling on a cord that is attached to the car at 45.0° to
the horizontal. The boy applies a force of 15.0N and pulls the car for 10.0m along
a path against a frictional force of 6.00 N.

—
F,=6.00N

a Determine the work done by the boy pulling on the cord.

b Calculate the work done on the toy car.

¢ Calculate the energy transformed into heat and sound due to the frictional
force.

When a force performs no work

It is important to remember that work is only done when a force, or a component
of a force, is applied in the direction of displacement. Hence it is possible to exert a
force and feel very tired without doing work. This would mean no energy has been
transferred. For example, if you hold a heavy object in outstretched arms you will
get tired very quickly, but you are not doing any work on the object.

Similarly, an object moving in a circular path in a horizontal plane is constantly
accelerated by a centripetal force. Because this force is perpendicular to the
displacement at each instant, the force does no work, and no energy is transferred to
the object. It does not get faster or slower; it only changes direction (Figure 3.3.2).
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FORCE VS DISTANCE GRAPHS

When the force is constant, the work done is easily calculated. However, in many
situations the net force is changing. In these situations, a graph can be used to
calculate the work done. Where the force vs distance relationship is represented
graphically, the work done is the area under the graph.This principle is very similar
to the way in which impulse can be calculated from the area under a force vs time
graph. However, it is important not to confuse these two quantities.

When graphed, the relationship between the force and the distance stretched
of an elastic object, such as a spring, offers a way to calculate the work done
in stretching the material: the work done is the area under the force vs distance
stretched graph.

If the force vs distance graph, or force vs distance stretched graph, is not linear,
the area can be calculated by counting squares. It is important to take careful note
of the units in order to calculate the work represented by each square.

Worked example 3.3.2
CALCULATING WORK DONE FROM A GRAPH

The force required to stretch a piece of bungee cord is represented in the graph
below. Calculate the work done when a 60N force is applied to the cord.

Force vs distance stretched
of a bungee cord

100
80 - |
Z 604 //_
g 4
5 40 A
Q 4
20 A ‘
014

1
0 05 1.0 1.5 20 25
Distance (m)

Thinking Working

The work done is the Force vs distance stretched

area under the force vs of a bungee cord
distance graph. This may
be found by calculation 100 -
or by counting squares.
In this case it is best 80 /_
to divide the area into Z 60
triangles and rectangles o] /
and sum the individual 8 40¢ vV '
areas. 20 /
0

T T T
0 05 1.0 15 2025
Distance (m)

Add the areas together to

-l 1
calculate the work done. area = (2 x 0.50x 30) + (2 x 0.90x 30) + (30 x 0.90)

work done = 48J
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Worked example: Try yourself 3.3.2
CALCULATING WORK DONE FROM A GRAPH

The force required to elongate a piece of rubber tubing is represented in the
graph below. Calculate the work done when the tubing is stretched by 2.0m.

Force vs distance stretched
of rubber tubing

100 —
80 - —
2 -
g «
ful / 3
9 40 — A
20 A
0+ T
0 0510152025
Distance (m)
3.3 Review
SUMMARY
» When a force does work on an object, there is a * A centripetal force does no work on an orbiting
change in the displacement and energy of the object, as the force and displacement are
object. perpendicular.
« Work, W, is a scalar and is measured in joules (J). * The work done by a varying force is the area under
« The work done on an object is the net force on the the force vs distance graph.

object multiplied by the displacement moved in the
direction of the force: W = Fs.

« When the force is applied to an object at an angle
to the displacement, work is only done by the
component of the force in the direction of the
displacement: W = Fscosé.
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KEY QUESTIONS

Knowledge and understanding

Describe a scenario in which a force is applied but no
work is done.

If we consider the Earth to orbit the Sun in a circular
path with a constant gravitational force of attraction,
justify the statement that the Sun does no work to
move the Earth.

A child uses a string to drag a 2.00kg toy across a

floor. The string is held at an angle of 60.0° to the

horizontal and the child applies a force of 30.0N on

the toy, which is initially at rest. A constant frictional

force of 10.0N acts on the toy as it is dragged 2.40m

along the floor.

a Calculate the work done by the horizontal
component of the 30.0N force.

b Calculate the work that the child does in
overcoming friction.

¢ Calculate the kinetic energy gained by the toy.

The graph below shows the force vs distance graph as
a sports shoe is compressed during the stride of an
athlete. Calculate the work done in compressing the
shoe by 7mm.

Force vs compression of a sports shoe

90
80
70
60
50
40
30
20
10

0 T T T T T T T T
0 1 2 3 4 5 6 7 8

Compression (mm)

A weightlifter raises a 155 kg barbell to a height of
1.20m at constant speed. Calculate the work done by
the weightlifter.

Krisha pushes a lawnmower at constant speed across
15.0m of lawn. She applies a force of 68.0N at an
angle of 60.0° to the horizontal. Calculate the work
she does against friction.

Analysis
7 An engineer is testing a new material for its elastic

properties. By applying various forces on a sample
and measuring the corresponding distance stretched,
the following data were obtained.

Force (kN) ‘ Distance stretched (mm)

0.0 0.00

5.0 2.00
10.0 6.00
15.0 8.00
20.0 7.50
25.0 5.50
30.0 3.00
35.0 1.00
40.0 0.00

a Construct a graph of the data with force on the
y-axis and distance stretched on the x-axis. Ensure
that you draw a smooth curve of best fit.

b Use the graph to calculate the work done up to the
point of maximum distance stretched.

An 806¢g javelin is released at an angle of 45.0° from
a height of 1.90m and at a speed of 108 kmh-.
Calculate the work done by the gravitational force on
the javelin from its release to the point where it lands
on the ground.
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PHYSICSFILE

Recovery straps and tow
ropes

Recovery straps are used to pull
bogged cars out of their predicament
using the energy stored in the
elasticised straps. When the recovery
vehicle moves forward, the kinetic
energy of the recovery vehicle causes
the strap to stretch. The energy is
stored in the recovery strap and is then
transferred to the bogged vehicle over
an extended period of time, which pulls
it out of the sand or mud. Using a tow
rope, which has no elasticity, would
cause a greater force over a shorter
period, which could cause damage

to the recovery vehicle, the bogged
vehicle, or the tow rope itself.

Conversely, you would not use a
recovery strap to tow a broken down
vehicle, as the energy stored in the
strap would cause the vehicle in tow
to ‘bounce’ forwards and backwards,
which would make it difficult to control.
Using a tow rope with less stretch
means that the kinetic energy of the
towed vehicle would not fluctuate and
so its velocity could be maintained
safely.

stiff spring
20
Z weak spring
3 10+
g
0 0.1 0.2

Extension (m)

FIGURE 3.4.2 Both springs represented in this
graph are ideal (i.e. they obey Hooke's law).
The springs obey Hooke’s law because they
both have linear graphs, but they have different
degrees of stiffness. The stiff spring has a spring
constant of 200N m~L. The spring constant of
the other more elastic spring is just 50N m=—.
The stiffer spring has the higher gradient (i.e. a
steeper line) on the graph.
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3.4 Elastic potential energy

In everyday life you frequently encounter situations in which work is done to stretch
or compress materials. Think of bungee jumping, pole vaulting (Figure 3.4.1),
trampolining and tennis, where the elastic properties of materials are harnessed to
generate thrills for spectators and participants. Computer keyboards have tiny springs
in the keys, and wind-up toys, old-fashioned watches, door-closing mechanisms and
car suspensions are some of the other devices that use elastic springs.

Elastic potential energy is the energy stored in a material when it is stretched
or compressed. If the material is elastic, this energy can be returned to the system,
but in inelastic materials, permanent change occurs.

FIGURE 3.4.1 The elastic potential energy stored in the pole is what allows the pole vault competitor
to propel herself over the bar.

HOOKE’S LAW

It is relatively easy to start stretching a spring, but more and more force is required
for each incremental amount of extension (distance stretched). This is expressed
in Hooke’s law.

F=—kx
where F is the force exerted by the spring (IN)
k is the spring constant (N'm™)
x is the displacement (the extension or compression) of the spring (m)

Hooke’s law describes how the force exerted by a spring is directly proportional
to, but opposite in direction to, the distance that the spring is extended or
compressed. The spring constant % is a measure of the stiffness of the spring. The
behaviour of a spring under force is often illustrated graphically by plotting the
force applied versus the extension achieved (Figure 3.4.2). The spring constant is
represented by the gradient of the graph. Notice that a stiffer spring has a greater
gradient and thus a larger spring constant.

When considering the work done in deforming a spring, the force applied is
in the direction of the displacement and hence the negative sign in F = —kx can
be ignored. The applied force is directly proportional to displacement and, as
discussed in the previous section, when force is not constant, the work done by the
force can be calculated (or estimated) by determining the area under the force vs
extension graph.
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An expression for the work done in extending or compressing a spring, and
the elastic potential energy which is then stored in the spring, can now be derived.
Consider the graph in Figure 3.4.3. The elastic potential energy when the spring is
extended by 5 metres is represented by the area of the shaded triangle.

100+
80
60 area = elastic potential energy
40
20+

Force (N)

— _—

0 1 2 3 4 5

Distance (m)

FIGURE 3.4.3 The elastic potential energy is calculated by the area under the force vs distance graph.

The elastic potential energy, E,, is calculated as follows:

1 .
E = EX base x height
=lxxXF
2

1
=—XxXkx
2

1
== kx?
2

E = Ly
2

where £ is the spring constant (Nm™)
x is the distance the spring is extended, also called extension (m)

Elastic potential energy is the energy stored in any elastic medium—such as a
rope, spring or rubber band—due to forces stretching or compressing the bonds
between atoms.

We call the directly proportional relationship between force and extension
‘elastic behaviour’. Elastic behaviour obeys Hooke’s law. Springs that exhibit elastic
behaviour will be able to do work with the elastic potential energy when the applied
force is removed.

It is possible to exceed the elastic limit of a spring or other elastic material. At
this point permanent deformation occurs, that is, the spring no longer returns to
its initial shape. If the force is increased further, the breaking point is reached, at
which point the material fails or breaks down (Figure 3.4.4).

While the work done in permanently deforming a spring can still be calculated
from the area under the force vs distance curve, the energy stored may not all be
recoverable, as work has been done to permanently change the material.

breaking point

elastic limit

0 10 20 30 40 50
Extension (mm)
FIGURE 3.4.4 The point at which the force
vs distance curve first deviates from linear
behaviour is the elastic limit, i.e. the point where
permanent damage is done to the spring.
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Worked example 3.4.1

CALCULATING THE SPRING CONSTANT, ELASTIC POTENTIAL
ENERGY AND WORK

A fine steel wire has the force and extension properties shown in the graph below.

70

breaking point
60

]

elastic limit

0 10 20 30 40 50
Extension (mm)

a Calculate the spring constant, k, for the wire.

Thinking Working

The spring constant is the gradient of K = AF

the first linear section of the graph (in T Ax

units Nm-). 40
~0.020
=2000Nm™

b Calculate the elastic potential energy that the wire can store before
permanent deformation begins.

Thinking Working

Lnder the curve up to the slactc Tt | £ = 3 neghtx base
:% x 40 0.020
=040J

Th_is value can also be obta_lined _ E - lkx2

using the formula for elastic potential s 2

enerey. - % « 2000 % (0.020)
=040J
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¢ Calculate the work done to break the wire.

Thinking Working

Add up the number of number of squares = 33 (approx.)
squares under the curve up to
the breaking point.

Calculate the energy per energy for one square = 10 x 0.005
square. This is given by the —0.050J
area of a square. Remember
to convert mm to m.

Multiply the energy per work = energy per square x number of squares
square by the number of —0.050 x 33
squares. 1650

=1.7J (approx.)

Worked example: Try yourself 3.4.1
CALCULATING THE SPRING CONSTANT, ELASTIC POTENTIAL
ENERGY AND WORK

An alloy sample is tested under tension, giving the force vs extension graph shown
below. X indicates the elastic limit and Y indicates the breaking point.

A

400
— Y
X

300
3
8 200
S
L

wl /.

\J

0 1.0 2.0 3.0 4.0 5.0
Extension (cm)

a Calculate the spring constant, k, for the sample.

b Calculate the elastic potential energy that the alloy can store before
permanent deformation begins.

¢ Calculate the work done to break the sample. 7
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3.4 Review

SUMMARY

» Hooke's law states that the force exerted by a
spring is F = —kx. The negative sign indicates that
the force opposes the displacement.

* ks the spring constant and is measured in Nm=.

This can be calculated (or estimated) from the
gradient of the linear section (or the first linear
section if there is more than one) of a force—
displacement graph.
» The work done to a spring is equal to the elastic
potential energy stored in the spring:
1

E. = =kx®
s 2X

KEY QUESTIONS

Knowledge and understanding
1 Rank the springs below in order of increasing

stiffness.
300 - A B
Z -~
g e
S -7
100 —
0 T T T T
1.0 2.0 3.0 4.0

Compression (cm)

2 Consider the following tasks and decide whether
you would prefer a rope with a high, medium or low
spring constant.

a lowering a prefabricated concrete panel into place
on a high-rise building site

b towing a bogged car out of a muddy track

¢ making a cargo net to secure various loads on a
trailer

* The elastic potential energy (E,) is measured in J or
N m. This can be calculated (or estimated) from the
area under a force-displacement graph.

* When a material displays elastic behaviour, it obeys
Hooke’s law, and the elastic potential energy stored
is returned when the force is removed.

« When a material exceeds its elastic limit,
permanent deformation occurs and not all the
elastic potential energy is returned when the force
is removed.

The graph of the stretching force versus extension for
two springs is shown below.
stiff spring

20
% weak
s 10 spring
2

0 T T
0.1 0.2

Extension (m)

a Calculate the spring constant of each spring.

b Find the difference between the elastic potential
energy stored when each spring is extended by
20cm. Assume the elastic limit has not been
reached.

4 A 1.00m piece of rubber has a spring constant of

50.0Nm-L. Calculate how much the rubber will stretch
if a force of 4.00N is exerted on it.

A stretched rubber band is used to launch a toy plane

into the air. The rubber band is stretched by 25.0cm

and has a spring constant of 128 Nm-!. Assume that

the rubber band follows Hooke’s law and ignore its

mass.

a Calculate the magnitude of the force applied to the
rubber band to stretch it by 25.0cm.

b Calculate the elastic potential energy stored in the
stretched rubber band.
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Analysis

6 An archer purchased a new bow for the Olympics. The
table below shows the force required to pull the string
back by various distances (the distance between X
and Y in the diagrams).

oo |
0.0 0.100
30.0 0.150
40.0 0.200
45.0 0.250
50.0 0.300

The illustrations below show the bow and its string
when (a) no force is applied and (b) some force is
applied.

(a) (b)

Answer the following questions in the case where the
archer has drawn the string back so that the distance
between the bow and the string (XY) is 30.0cm.
a Construct a graph of the force (N) vs XY

distance (m).
b Use the graph to calculate the elastic potential
energy stored in the stretched string.
Calculate the work done by the archer.
Does the string obey Hooke’s law as it is drawn
back until the distance between X and Y is
30.0cm? Justify your answer.
e Where on the graph is the elastic limit of the string?

[o T 2}
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FIGURE 3.5.1 The bungee jumper is in free
fall until the cord starts to take up some of the
kinetic energy and convert it to potential energy.

3.5 Kinetic and potential energy

A bungee jumper stakes their life on the principle of the conservation of energy
(Figure 3.5.1).The gravitational potential energy they lose as they begin their jump
is rapidly converted to kinetic energy. As the bungee jumper approaches the ground,
the kinetic energy is converted to elastic potential energy in the bungee cord. The
jumper is then jerked back upwards (no doubt relishing the adrenalin rush) as
the elastic potential energy is converted back to kinetic and potential energy. The
calculations that ensure their safety are the subject of this section.

KINETIC ENERGY

Kinetic energy (E,) is the energy of motion of a body. For low speeds, it is
calculated using the following equation.

1
E =—mv

where E, is the kinetic energy of the object (])
m is the mass of the object (kg)
v is the velocity of the object (ms™)

This equation can be derived from the definition of work. Recall that if a force,
F, acts on a body of mass m and causes a horizontal displacement of s, the work
done is given by the formula W = Fs, which is equivalent to W = mas.
Start by rearranging the equation v? = #? + 2as to make s the subject:
v —u’
© 2a

Substitute this into the second equation for work given above: W = mas.
This yields:

As the work is done to change the kinetic energy, then:

1 1
AE, = —mv® - =mu’
2 2

For a particular speed, the equation can be simplified to:

1
E, =—-mv’
2

Kinetic energy in collisions

In perfectly elastic collisions, kinetic energy is transferred between objects and no
energy is transformed into heat, sound or deformation. In these cases the following
relationship holds:

E, (before) = E, (after)

In Section 3.1 you saw that, in a closed system, momentum is always conserved
in a collision. The total energy is also conserved in a closed system. However, in
general, kinetic energy is not conserved in collisions. These collisions are called
inelastic collisions.
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Perfectly elastic collisions do not exist in everyday situations, but they do exist
in the interactions between atoms and subatomic particles. A collision between two
billiard balls or the spheres in Newton’s cradle is almost perfectly elastic, because
very little of their kinetic energy is transformed into heat and sound energy.

Collisions such as a bouncing basketball, a gymnast bouncing on a trampoline
or a tennis ball being hit are moderately elastic, with about half the kinetic energy
of the system being retained. Perfectly inelastic collisions are those in which the
colliding bodies stick together after impact with no kinetic energy. Some car crashes,
a collision between a meteorite and the Moon, and a collision involving two balls of
plasticine could all be perfectly inelastic. In these collisions, most—and sometimes
all—of the initial kinetic energy of the system is transformed into other forms of
energy.

Worked example 3.5.1
ELASTIC OR INELASTIC COLLISION?

A car of mass 1000kg travelling west at 20.0 ms™ crashes into the rear of a
stationary bus of mass 5000 kg. The vehicles lock together on impact. Using
appropriate calculations, show whether the collision is elastic or inelastic.

Thinking Working
Use conservation of momentum to 2P nitial = ZPsinal
find the final velocity of the wreck. Prtate *+ Priat = Prnaiierny
meUe + Mply = MepUery
1000 x20.0+5000x 0 = (1000 +5000)v
20000 = 6000v
v=333ms™
Calculate the total initial kinetic Initially:
energy before the collision. 1,
E,.==mu
2
=%>< 1000 x 20.0°
=2.00x10°J
Calculate the total final kinetic Finally:
energy of the joined vehicles. 1,
E,==mv
2
_ % « (1000 + 5000) x 3.332
=33266.7
=3.33x10%J
Compare the kinetic energy before The kinetic energy after the collision is
and after the collision to determine less than the kinetic energy before it.
whether the collision is elastic or Therefore the collision is inelastic.
inelastic. The missing energy has been
transformed into heat, sound and
deformation of the vehicles.

Worked example: Try yourself 3.5.1
ELASTIC OR INELASTIC COLLISION?

A 209g softball with initial velocity 9.00ms™! to the right collides with a
stationary baseball of mass 112g. After the collision, both balls move to the
right and the softball has a speed of 3.00ms!. Using appropriate calculations,
show whether the collision is elastic or inelastic.
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POTENTIAL ENERGY

The gravitational potential energy of an object, E,, is the energy stored in it due to
its position in a gravitational field above a reference point. It is directly proportional
to the mass of the object, m, its height above the reference point, A/, and the strength
of the gravitational field, g. This is combined in the following equation.

E, = mgAh
where E, is the gravitational potential energy (J)
m is the mass of the object (kg)
g is gravitational field strength (Nkg™)
Ah is the height above the reference point (m)

This equation is derived from the fact that, in order to lift an object of mass m
through a distance Ak, work needs to be done against the force of gravity. Close
to the surface of the Earth, this force is simply F = mg (where g = 9.8 Nkg™!) and
the distance travelled, s, is Az. Thus the work done is W = Fs, which is equal to the
potential energy gained.

Calculating changes in gravitational potential energy from a
force graph

When the gravitational force acting on an object varies, the gravitational potential
energy can be calculated using a graph (in the same way that you calculated the
work done by a varying force in sections 3.3 and 3.4). If the force is plotted as a
function of distance, a graph like the one in Figure 3.5.2 is obtained.

Gravitational force on a 10 kg body as a function of distance from the Earth

100 —

98 N

80 —

R, =64x10°m

60 —

40 -

Gravitational force (N)

area = energy change (J)

20

T T T T
1.0 2.0 3.0 4.0

Distance from centre of the Earth (x 107 m)
FIGURE 3.5.2 Plot of the gravitational force acting on a 10kg body as a function of the distance

from the centre of the Earth. The shaded area represents the work done in moving the body from
1.0 x 10’m to 3.0 x 10" m above the centre of the Earth.
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Worked example 3.5.2

DETERMINING CHANGES IN GRAVITATIONAL POTENTIAL ENERGY USING A
FORCE VS DISTANCE GRAPH

Using the graph in Figure 3.5.2, estimate the work done against the gravitational
force in moving the 10kg object from an orbital radius of 1.0 x 10’ m to
3.0 x 10’m, and hence find the gravitational potential energy gained.

Thinking Working

Find the energy represented per One square represents:

square in the graph. 10x 0.25 x 107 = 2.5 x 107
Identify the two values of distance that | The object starts at 1.0 x 10’m and
are relevant to the question. finishes at 3.0 x 10" m.

Count the squares under the curve Work done:

between the two distances and
multiply the number by the energy
per square.

10.5 squares (approx.) x 2.5 x 107
= 2.6 x 108J (approx.)

Potential energy gained = work done 2.6 x 108J (approx.)

Worked example: Try yourself 3.5.2

DETERMINING CHANGES IN GRAVITATIONAL POTENTIAL ENERGY USING A
FORCE VS DISTANCE GRAPH

Using the graph in Figure 3.5.2, calculate the gravitational potential energy
gained if the 10kg object is moved from the surface of the Earth to 2.0 x 10’m
above the centre of the Earth.

The disadvantage of the graph in Figure 3.5.2 is that it is specific to the mass
of the object under consideration. Further, to construct the graph, the force on the
10kg object has to be calculated at each distance.

Sometimes it is more useful to create a graph of the force exerted per unit mass.
Recall Newton’s law of universal gravitation:

GMm

g = 7,2
This can be rearranged as follows, to give an expression for the force per unit
mass, i.e. the gravitational field strength, g:
E, _GM
g = —==

2
m r

This is often called the gravitational field strength equation and it is dependent
only on the mass that is generating the gravitational field. Such a graph can be used
to calculate the work done on any mass in the field.
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Worked example 3.5.3

CHANGES IN GRAVITATIONAL POTENTIAL ENERGY USING A GRAVITATIONAL
FIELD STRENGTH GRAPH

A decommissioned satellite of mass 1000 kg has an elliptical orbit around the
Earth. At its closest approach (its perigee), it is 600 km above the Earth’s surface.
At its furthest point (its apogee) it is 2000 km from the Earth’s surface. The Earth
has a radius of 6.4 x 10°m. The gravitational field strength of the Earth is shown in
the graph.

Gravitational field strength of the Earth as a function of distance

Gravitational field strength (N kg™)

\J

0 T
6 7 8 9 10
Distance from centre of the Earth (x 10°m)

8.4 ! '

a Calculate the change in potential energy of the satellite as it moves from its
perigee to its apogee.

Thinking Working

Find the energy represented by each One square represents

square in the graph. 1.0 x 0.20 x 105 = 2.0 x 105J kg™
Count the squares under the curve 49 squares (approx.) x 2.0 x 10°

for the relevant area, and multiply the | — 9.8 x 106Jkg!
total by the energy per kg represented
by each square.

Calculate the potential energy gained Energy gained:
by the satellite by multiplying the work | £ _ 9.8+ 10° %1000
=9

done by the mass of the satellite.
=9.8x10°J (approx.)

b The satellite is moving with a speed of 15kms™ at its perigee. How fast is it
travelling at its apogee?

Thinking Working

First calcullate th_e satellite’s kinetic E lmv 2

energy at its perigee. ke =5 e
- %xlOOOx(15x103)2
=1.125%x10"J
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The gain in gravitational potential E.=E,-E,

energy at its apogee is at the expense ~1.125%10" —9.8x10°
of kinetic energy. - '

_ 11
Calculate the kinetic energy of the =1.0x10")
satellite at its apogee.

Calculate the speed of the satellite at £ - 1
its apogee. ka = Emva

1.0x10" =%><1000><v§

Lo /2><1.O><1O11
@ 1000
=14142.1 ms*!
=14kms™!

Worked example: Try yourself 3.5.3

CHANGES IN GRAVITATIONAL POTENTIAL ENERGY USING A GRAVITATIONAL
FIELD STRENGTH GRAPH

A satellite of mass 1100kg is in an elliptical orbit around the Earth. At its closest
approach (perigee), it is just 600 km above the Earth’s surface. Its furthest

point (apogee) is 2600 km from the Earth’s surface. The Earth has a radius of
6.4 x 10°m. The gravitational field strength of the Earth is shown in the graph.

Gravitational field strength of the Earth as a function of distance

Gravitational field strength (N kg™')

0 T l l T
6 7 8 9 10
Distance from the centre of the Earth (x 10°m)

\j

a Calculate the change in potential energy of the satellite as it moves from its
perigee to its apogee.

b The satellite is moving with a speed of 8.0kms™! at its perigee. How fast will it
be travelling at its apogee?
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WORK AND ENERGY

Both work and energy are scalar quantities and thus have only magnitude. It is
important, however, that you keep account of whether kinetic energy is being
gained or lost by an object or whether gravitational potential energy is being gained
or lost by the gravitational field. If work is being done by a body, it could lose kinetic
energy as it slows down, or, if work is being done by the gravitational field, the field
loses gravitational potential energy as the object falls. Conversely, if work is done on
the body by an external force, the body would gain kinetic energy as it speeds up, or
the gravitational field would gain gravitational potential energy as the object rises.

A weightlifter loses chemical potential energy as they exert a force on a barbell
to lift the bar. If they lift the bar at constant speed, the bar does not gain kinetic
energy, but the gravitational field gains gravitational potential energy. In drawing
back an arrow, an archer does work on the bow, and this elastic potential energy is
transformed to the kinetic energy of the arrow when the string does work on the
arrow as it is released (Figure 3.5.3).

FIGURE 3.5.3 The archer does work on the bow and elastic potential energy is stored. This is later
transformed into the kinetic energy of the arrow.
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3.5 Review

» Kinetic energy is the energy of motion of a body: » For a non-constant gravitational force, the
£ I gravitational potential energy can be calculated from
kT Emv the area under a graph of force versus distance.

« For convenience, force-distance graphs are often
plotted as force per unit mass (for example,
gravitational field strength) versus distance. This
enables the same graph to be used for any mass. In
this case the area under the graph is the potential
energy per unit mass.

» For perfectly elastic collisions, the kinetic energy
before the collision is equal to the kinetic energy
after the collision.

» Close to the surface of the Earth, where the force
of gravity can be taken as constant, the change in
gravitational potential energy of an object of mass m
is E, = mgAh, where the height changes by Ah.

KEY QUESTIONS

Knowledge and understanding 2 In acable car system, two cars of the same mass

1 The figure below shows a meteor plunging towards are attached to a moving cab!e that is powered by
the Earth, partially burning up in the atmosphere on a motor at one end. As car A'is pulled upwards, car
its way. B descends, both at the same speed. Select the

Choose which statements are correct. More than one

correct answer is possible. answer is possible.

A Car A and car B each have constant kinetic energy.
) DNy B Car A and car B each have constant gravitational
, potential energy.
) C As the gravitational potential energy of car A
increases, that of car B decreases.
D The motor does work on the cable.

> &

3 Calculate the gravitational potential energy of a 115kg
climber standing at the top of Mount Kosciuszko
2228 m above sea level.

o . . 4 A 283g volleyball is hit into the opposition court with
A The kinetic energy of the meteor increases as it a velocity of 9.50m s, Calculate the kinetic energy of

travels from A to D. the volleyball as it leaves the player’s hand.
B The gravitational potential energy of the meteor

relative to the surface of the Earth increases as it
travels from A to D.

C The total energy of the meteor increases as it
travels from A to D.

D The total mechanical energy of the meteor remains
constant.

E The gravitational potential energy of the meteor
relative to the surface of the Earth decreases as it
travels from A to D.

5 Calculate the gravitational potential energy that
a 3.00kg watermelon has when it has travelled
45.0m up into the air after having been fired from a

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
statements that are correct. More than one correct !
1
1
1
1
1
1
1
1
1
:
slingshot. :
:

1

1

1

1

1

1

1

continued over page
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3.5 Review continued

Analysis
6 The 11t Hubble Space Telescope is in a circular

orbit at an altitude of approximately 600 km above

the surface of the Earth. A geosynchronous weather

satellite of the same mass is in an orbit at an altitude

of approximately 3600 km. Select the statements that

are correct. More than one correct answer is possible.

A The gravitational potential energy of the
geosynchronous satellite is six times that of the
Hubble telescope, relative to the surface of the
Earth.

B The Hubble telescope’s orbital speed is greater
than that of the weather satellite.

C The kinetic energy of the weather satellite is greater
than that of the Hubble telescope.

D The weather satellite has more gravitational
potential energy than the Hubble telescope, relative
to the surface of the Earth.

A 500kg lump of space junk is plummeting towards
the Moon. Its speed when it is 2.7 x 10°m from the
centre of the Moon is 250ms-1. The Moon has a
radius of 1.7 x 10°m.

The gravitational force-distance graph for the space
junk is shown below.

Z 900 T :
X 1 1
C 1 T
=, 600 ! 1
) 1 1
% 1 T
[} 1
% ! 1
= 300 i i
o ' 1
1 ]
é %
1.5 2.0 2.5 3.0
1.7 2.7

Distance from centre of the Moon (x 10° m)

a Calculate the kinetic energy of the junk when it is
travelling at 250 ms.

b Calculate the increase in kinetic energy of the junk
as it falls from 2.7 x 10°m from the Moon’s centre
to 1.7 x 108m from the Moon’s centre.

¢ Calculate the speed of the junk as it crashes into
the Moon.

Gravitational field strength (N kg™!)

A 20t piece of space junk is in orbit at an altitude
of 600 km above the surface of the Earth. In order
to move it from the path of an oncoming satellite, it
is shifted into an orbit of 2600km above the surface
of the Earth. Calculate the work done in moving the
space junk into the higher orbit. The surface of the

Earth is 6.4 x 10°m from the centre of the Earth.

—_
(=]
!

oo
1

[o)}
!

~
1

[\
L

6.0

7.0 8.0 9.0
Distance from the centre of the Earth (X 10° m)

10.0
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3.6 Conservation of energy

We can classify everything we know about the universe as either matter or energy.
In his famous equation E = mc?, Einstein showed that matter is actually a store of
energy, so everything in the universe is really just energy. This section explores the
law of conservation of energy, a fundamental principle that can be applied to all
interactions between objects.

THE LAW OF CONSERVATION OF ENERGY

Energy comes in many forms, such as heat, light, sound, chemical and electrical. It
is a scalar quantity and is measured in joules (J). Energy is also associated with the
motion and position of an object. Collectively this energy is called the mechanical
energy of the object. In the motion problems explored in this chapter, moving
objects are described as having kinetic energy. An object can also have access to
stored or gravitational potential energy because of its position in a gravitational
field. For instance, a building crane lifting a steel beam several stories is doing work
against the gravitational field, giving the beam access to the gravitational potential
energy stored in the gravitational field. If the lifting chain were to break, the field
will then do work on the beam and increase its kinetic energy as it accelerates under
the influence of gravity.

The transformation of gravitational potential energy to kinetic energy is an
illustration of the law of conservation of energy, a fundamental principle of
nature. This law states that energy is neither created nor destroyed. However, it can
change from one form to another, or in other words, transform. As the gravitational
potential energy available to a falling object decreases, its Kinetic energy increases.
The total amount of mechanical energy remains constant, that is, it is conserved.

While energy is never destroyed, it can be transformed into other energies that
are not easily recoverable. For instance, the kinetic energy of a vehicle is reduced as
it encounters friction, with the energy transformed into heat in the tyres. It could
also be transformed into heat in the brakes as the vehicle stops. The mechanical
energy before and after an event is only the same under ideal conditions, but in
many cases, this equality is a useful approximation.

Problems combining gravitational potential and kinetic energy

Energy is a scalar quantity and hence easier to work with than a vector quantity.
Therefore it is worth analysing a problem to see if calculations involving energy are
possible without resorting to techniques involving forces and other vectors.

The sum of the potential and kinetic energy of an object is its mechanical energy,
and this is constant unless work is done by an external force:

1
E,=E +E,= Emv2+mgAh

Energy is frequently transformed from potential energy to kinetic energy and vice
versa. But in any transformation, total mechanical energy is conserved. To illustrate
this, consider a 60g tennis ball dropped from a height of 1.0m (Figure 3.6.1 on
page 148). Before it is released, its kinetic energy is 0] and its gravitational potential
energy (assuming that g = 9.8 ms™) is:

E, = mgAh = (0.060)(9.8)(1.0) = 0.59]

Thus the ball’s mechanical energy is 0 + 0.59 = 0.59].
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Em=Ek+Eg=0+mgh v=0,S0E =0

Ah=1.0m

E =E +E =Y m?+0 Ah=0,S0E =0
m g 2 g

FIGURE 3.6.1 A falling tennis ball provides an illustration of the conservation of mechanical energy.

At the instant the ball hits the ground, the total mechanical energy consists of
the gravitational potential energy available to it, which would be 0], and the kinetic
energy it has just prior to hitting the ground. To calculate its kinetic energy, its
velocity just before it hits the ground needs to be calculated using an appropriate
equation of motion. Knowing that s=—1.0m, a=-9.8ms™2 and u = 0ms™', the final
velocity can be calculated as:

v* =u’ +2as
=(0)*+2(-9.8)(~1.0)
2=4/19.6 =4.43ms™"’
Therefore the kinetic energy of the ball just before it hits the ground is:
1 1
E, = Emv2 = 5(0.0600) (4.43)* =0.59]
Notice that the total mechanical energy prior to the ball’s release is the same as
its total mechanical energy as it hits the ground. Before release:
E,=E+E=0+0.59=0.59]
On hitting the ground:
E,=E+E=059+0=0.59]
In fact, mechanical energy is constant throughout the drop. To see this, consider

the tennis ball when it has fallen halfway to the ground. At this point, z = 0.50m,
v =3.13ms™ and its mechanical energy is:

E,=E +E,
= %(0.060)(3.13)2 +(0.060)(9.8)(0.50)

=0.294+0.294
=0.59]

Note that at the halfway point, the mechanical energy is evenly split between
kinetic energy (0.294]) and gravitational potential energy (also 0.294]).
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In reality, as a ball drops through the air, a small amount of its energy is
transformed into heat and sound, and the ball slows down slightly. This means
that mechanical energy is not entirely conserved. However, this small effect can be
considered negligible for many falling objects.

Using conservation of mechanical energy to calculate velocity

The speed of a falling object does not depend on its mass. This can be demonstrated
by applying the law of conservation of energy to mechanical energy.

Consider an object of mass m dropped from a height of 4. At the moment it is
dropped, its initial kinetic energy is zero. At the moment before it hits the ground,
its final gravitational potential energy is zero. From the conservation of mechanical
energy it follows that:

E

minitial = L

E +E

k initial g initial

m final

= Ekﬁna.l +E

g final

O+mgh:%m‘vz+0

1
mgh = —mov*
=5

1
h=—v"
73
> =2gh
v =42gh

This equation can be used to find the final velocity of a falling object. Note that
the equation does not mention the mass of the falling object. Thus if air resistance
is negligible, any object will have the same final velocity when it is dropped from the
same height, whatever its mass.

Conservation of mechanical energy in complex situations

Knowing that mechanical energy is conserved allows us to determine outcomes
in non-linear situations where equations of motion cannot be used. For example,
consider a pendulum with a bob displaced from its mean position such that its
height has increased by 20 cm (Figure 3.6.2).

FIGURE 3.6.2 A falling pendulum is an example of conservation of mechanical energy.
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Since a pendulum involves transforming gravitational potential energy into
kinetic energy, the conservation of mechanical energy applies to the situation.
Therefore the formula developed earlier for the velocity of a falling object can be
used to find the velocity of the pendulum bob at its lowest point:

v =1+/2gh =/2(9.8)(0.20) =2.0ms™

The speed of the pendulum bob will be approximately 2.0 ms™'. However, unlike
a falling object, in this case the direction of the bob’s motion will be horizontal
instead of vertical at its lowest point.

The equations of motion relate to linear motion and cannot be applied to the
motion of the pendulum.

Worked example 3.6.1
APPLYING THE LAW OF CONSERVATION OF ENERGY

Consider a rollercoaster with a lift hill of height 25m and a loop height of 18 m.
At the top of the lift hill, a rollercoaster car has zero velocity just before it begins
to roll down the hill. Calculate the speed of the car at point P on the loop when
the car is 6.0 m above the ground. Assume that friction is negligible and that

g=98ms>
25m
?
Thinking Working
Because of the law of conservation E. e = Emnatp

of mechanical energy, the total
mechanical energy, E,,, of the car
before rolling down the hill can be
equated with the total mechanical
energy at point P.

Expand the equation and cancel m 1 5 1,
from both sides. Smu +mgAh = >mv +mgAh

%uz +gAh= %v2+gAh

Substitute the given values into the

equation. 107+ 08250 = v +(28160)

Rearrange the equation and solve for v. (0)+ (245.0) = %VZ +(588)

v =,/2(245.0-58.8)
=+3724

Present your answer with the correct
number of significant figures and the
correct units.

v=19ms™
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Worked example: Try yourself 3.6.1
APPLYING THE LAW OF CONSERVATION OF ENERGY

Use the law of conservation of energy to determine the height of the lift hill
required to ensure that the speed of a rollercoaster car at the top of the 18 m
loop is 25 ms™. Assume that the velocity of the car at the top of the hill is zero
just before it begins to roll down the hill, friction is negligible and that
g=9.8ms=2

Worked Example 3.6.2
USING THE CONSERVATION OF ENERGY TO ANALYSE PROJECTILE MOTION

A cricket ball of mass 142 g is thrown upwards at a speed of 15ms™. Calculate
the speed of the ball when it has reached a height of 8.0m. Assume that the ball

is thrown from a height of 1.5m above the ground and that g =9.8ms=2.

Thinking

Working

Equate the total mechanical energy,
E.,, of the cricket ball as it is released
with the total mechanical energy at a
height of 8.0m.

E

m before —

E

mat80 m

Expand the equation and then
cancel m from both sides.

%mu2 +mgAh = %mv2 +mgAh

%u2 +gAh :%v2 +gAh

Substitute the given values into the
equation.

%aa?ma&aa:%w+w&@0)

Rearrange the equation and solve
for v.

(1125)+(14.7) = %v? +(78.4)

v=\2(125+14.7-784)
=J976

Present your answer with the correct
number of significant figures and the
correct units.

v=99ms!

Worked Example: Try yourself 3.6.2
USING THE CONSERVATION OF ENERGY TO ANALYSE PROJECTILE MOTION

ground. Assume that g =9.8ms=.

An arrow of mass of 35g is fired into the air at 80 ms™ from a height of 1.4 m
above the ground. Calculate the speed of the arrow when it is 30m above the
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Loss of mechanical energy

Mechanical energy is not conserved in every situation. This can be seen in the fact
that when a tennis ball bounces a number of times, each bounce is lower than the
bounce before it (Figure 3.6.3).

While mechanical energy is largely conserved as the ball moves through the air,
a significant amount of kinetic energy is transformed into heat and sound when
the ball compresses and decompress each time it bounces. This means that the
ball does not have as much kinetic energy when it leaves the ground as it did when
it landed. Therefore the gravitational potential energy that can be stored on the
second bounce will be less than the gravitational potential energy that was stored
initially, and so the second bounce is lower.

FIGURE 3.6.3 Mechanical energy is lost with

each bounce of a tennis ball. CASE STUDY

Coefficient of restitution

The bounce of the ball is an important factor in many sports. Physicists
describe the bounciness of balls using a concept known as the coefficient of
restitution (e). This coefficient is the ratio of the speed of a ball directly after a
bounce to its speed before that bounce:

v
e=-2
Vl

where v, is the speed before the bounce and v, is the speed after the bounce.
Since the coefficient of restitution is defined in terms of speed, v, and kinetic
energy is proportional to v2, it follows that:

_Va_ (B
© vy (Ech

If we consider a ball dropped from height H and rebounding to height h, then,
according to conservation of mechanical energy, the kinetic energy as the ball
hits the ground is the same as the gravitational potential energy at the top of

the bounce. Therefore:
(Ek)z — (Eg)z — mgh — \/E
(Exq (Eg),  \mgH H

So the coefficient of restitution (CoR) can be calculated from the initial drop
height and the height of the first bounce. This is how many sports bodies
specify the acceptability of balls used in playing the sport.

For example, according to the rules of the International Table Tennis
Federation, a table tennis ball must bounce between 24 and 26cm when
dropped from a height of 30.5cm onto a steel block. This corresponds to a CoR
between 0.89 and 0.92. Similarly, a basketball must have a CoR between 0.81
and 0.85 before it can be used in competition. Likewise a tennis ball must have
a CoR between 0.73 and 0.76.

The CoR depends on both the ball and the surface it is bouncing on. A tennis
ball bouncing on grass has a different CoR to one bouncing on clay. This is one
reason why different tennis players prefer to play on some surfaces rather than
others.
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3.6 Review

Energy is a scalar quantity and is measured in
joules (J).

Energy is not created or destroyed, but merely
transformed. This is called the law of conservation of

The sum of the kinetic and potential energy (i.e. the
total mechanical energy) of an isolated system is
always conserved.

Because it is simpler to work with scalars, it is often

energy. helpful to solve motion problems by considering the
« When work is done on a body it gains mechanical energy involved.
energy.

* When the body does work, energy is dissipated
to the environment—as, for example, heat, sound
or deformation—and the body loses mechanical
energy.

KEY QUESTIONS

Knowledge and understanding 4

1 Choose the best alternative to complete the following
sentence. In physics, the law of conservation of energy
entails that: 5
A All energy must be converted from one form into

only one other form.

A high-diver steps off a 10.0m high platform and
plunges into the pool below. Calculate the speed at
which the diver hits the water.

If a high-jumper with a mass of 63.0kg just clears a
height of 2.10m, what was the high-jumper’s speed
as they left the ground?

B When energy is converted from one form to 6 A girl throws a 198.4g softball directly up into the air.
another, any missing energy must have been It leaves her hand at a speed of 21.7ms.
destroyed. a Calculate the kinetic energy of the softball as it

C When energy is converted from one form to leaves the girl's hand.
another, any extra energy gained must have come b If air resistance is ignored, what gain in

from gravitational potential energy.
D No energy is gained or lost when one form of
energy is converted into another form.

gravitational potential energy occurs as the softball
reaches the top of its flight?

¢ If air resistance is ignored, calculate the height the
softball reaches above the girl’s hand.

Analysis

7 A box slides down a frictionless plane that is inclined
at 35.0° to the horizontal.

2 A student drops two sticks—one brown, one green—
from a bridge into the water below to see which one
emerges first at the other side of the bridge. The
brown stick is twice the mass of the green stick. In
answering the following questions, ignore any air
resistance and friction that might be involved.

a Which stick would hit the water first if they were
dropped at the same time?

b Which stick would have access to the greatest
amount of gravitational potential energy at the top
of the bridge?

¢ Which stick would hit the water with the greatest
speed?

d Which stick would have the greatest kinetic energy
just before it hit the water?

Use the law of conservation of energy to calculate the
speed of the box after it has travelled 12.0m down
the plane.

3 A group of people decide to film themselves throwing
various objects off tall places. In one video they drop a
bowling ball from the top of a dam wall. The ball hits
the ground with a speed of 45.5ms. Calculate the

height of the dam wall. continued over page
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3.6 Review continued

154

8 A group of students sets up a pendulum with a thin
20.0cm chain holding a heavy metal ball.

85.0 cm

When the students tried to swing the pendulum for
the first time, the chain broke just as the ball was
85.0cm from the floor and 17.0cm below the point at
which it started to swing.

a

b

Calculate the speed of the ball at the point at which
the chain breaks.

The students were not expecting the chain to
break. Use the law of conservation of energy and
the answer from part a to calculate the maximum
height above the ground the ball would have
achieved if the chain didn’t break.

Use the law of conservation of energy and the
answer from part b to calculate the speed at which
the ball strikes the ground.

Use the law of conservation of energy and the
starting point of the ball to calculate the speed at
which the ball strikes the ground.

A 75.0kg student swings out over a river on a rope
attached to a tree on the riverbank. The student’s final
speed when they hit the water is 6.27 ms.

a

Calculate the kinetic energy of the student the
moment before they hit the water.

Determine the gravitational potential energy
available to the student at the top of the riverbank
before they began their swing.

Using your answer to part b, calculate the height
of the riverbank above the water level at the point
where the student began their swing.
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Chapter review

KEY TERMS

breaking point gravitational potential

law of conservation of

conserved energy momentum
deformation impulse mechanical energy
elastic inelastic collision momentum
elastic collision isolated system spring constant
elastic limit kinetic energy transform
elastic potential law of conservation of work
energy energy
REVIEW QUESTIONS
Knowledge and understanding 8 A group of students has conducted an investigation

1 Arrange the following objects in order of decreasing
magnitude of momentum.
A 10.0kg dog running west at 5.00ms!
B 42.0kg child jogging south at 2.00ms!
C 25.0kg fish swimming east at 3ms!
D 1250kg car stationary at the traffic lights

2 Which alternative from the list below shows the unit

into the properties of an elastic band. They collected

data by hanging different masses on the elastic band

and measuring the extension from its original length.
Unfortunately the students cannot agree on what the
gradient of the graph represents and what the area under
the graph represents. Explain how you could resolve their
confusion using the equations for gradient and area, and
the units for force and extension.

for momentum that is equivalent to kgms=? 9 A squash ball that is repeatedly hit against a wall during
A Jm a game becomes hot. Which of the following options
B Ns! explains this best?
C Ns A The racquet gives the ball kinetic energy.
D Js'! B The impulse is positive.
3 In an explosive collision, a combined mass C The collisions are perfectly elastic.
separates into two masses. If one of the masses D Kinetic energy is not conserved in the collisions.
has momentum of 345kgms™ south, what is the 10 A student carries a fully loaded backpack along a
momentum of the other mass? horizontal footpath for 450 m on their way home from
4  Which of the following statements correctly school. What work was done by the student on the
describes impulse? More than one correct answer backpack during this journey if they walked at a constant
is possible. pace all the way?
A Impulse is the rate of change of momentum. 11 An apple falls to the ground from a tree and strikes the
B Impulse is the final momentum minus the initial ground with 45.5J of kinetic energy. Ignoring any air
momentum. resistance, how much gravitational potential energy did
C Impulse is a scalar. the apple have when it was on its branch?
D Impulse can be calculated from the force and 12 A tennis ball is hit with the frame of a racquet and goes
the time over which the force acts. straight upwards. While it is travelling upwards it is
5 Use the concept of impulse to explain how airbags slowing down until it reaches its maximum height, where
can help reduce injury during a car crash. its speed is zero. Where has all of the kinetic energy
6 In the case of a person pushing against a solid gone? In your answer ignore any air resistance.
brick wall, explain why no work is being done. 13 A 70.0kg rower steps out of a stationary boat with a

7 Contrast the meanings of the words ‘energy’ and
‘work’.
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velocity of 2.50ms™ onto a riverbank. The boat has a
mass of 495 kg. With what velocity does the boat begin to
move as the rower steps out?

continued over page
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14

15

16

17

18

A spacecraft of mass 1.00 x 10%kg that is initially at
rest burns 5.00 kg of fuel to produce an equal mass of
exhaust gases. The gases are ejected at a velocity of
6.00 x 103msL. Calculate the velocity of the spacecraft
after this burn.

A batter blocks a 165 g cricket ball travelling

towards him at 104 kmh-L. The ball leaves the bat at
20.0kmh-L. Calculate the magnitude of the change in
momentum of the ball.

Calculate the magnitude of the average force required
to be applied by the brakes of a 15.0kg bicycle
carrying a 65.0kg rider if the bike and rider are
travelling at 12.0ms! and come to rest in 2.00s.

A polar research worker uses a tractor to drag a sled

with supplies across a glacier. The harness is held

at an angle of 60.0° to the horizontal and applies a

force of 316N on the sled, which is initially at rest. A

constant frictional force of 105N acts on the sled as it

is dragged for a distance of 245m.

a For this distance, calculate the work done by the
tractor on the 152 kg sled.

b Find the speed of the sled after travelling 245 m.

A student wanting to increase their upper-body
strength decides to stretch a piece of bungee cord 150
times each morning before school. From the force vs
extension graph for the cord given below, estimate how
much energy is expended in the workout if the student
stretches the cord from 0.5 m to 1.0m each time.

Force vs extension of bungee cord
100 —

80 — /
Z 60—
S
£ 40 /

20 —

0 T T T T T
0 0.5 1.0 1.5 2.0 2.5

Extension (m)

19

20

21

22

23

A steel cable 1.50m long is stretched by fixing it at one
end and applying a force to the other end. The graph
of the force applied and the extension achieved is
shown below.

Force vs extension for steel cable

10.0
8.0
6.0
4.0+
2.0

0 I I
0 1.0 20
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T T T
30 40 50 6.0 7.0 80

Extension (mm)

Estimate the elastic potential energy stored in the
cable when stretched by a distance of 6.0 mm.

The mass of a motorbike and its rider is 232 kg. If they
are travelling at 80.0kmh-!, calculate their combined
kinetic energy.

A car of mass 1540kg is travelling at 17.0 ms™. How
much work would its engine need to do to accelerate
the car to 28.0ms?

A 57.0g tennis ball is thrown 8.20 m into the air.

a Calculate the gravitational potential energy of the
ball at the top of its flight.

b Calculate the gravitational potential energy of the
ball when it has fallen halfway back to the ground.

When climbing Mount Everest (h = 8848 m), a
mountain climber stops to rest at North Base Camp

(h =5150m). If the climber has a mass of 65.0kg, how
much gravitational potential energy will she gain in the
her climb from North Base Camp to the summit? For
simplicity, assume that g is 9.80ms=2 for the whole
climb.

Application and analysis

24

Two identical bowling balls, each of mass 4.00 kg, move

towards each other across a frictionless horizontal

surface with equal speeds of 3.00ms-*. During the

collision 20.0J of kinetic energy is transformed into

heat and sound. After the collision the balls move in

opposite directions.

a Is momentum conserved in this collision?

b Is this an elastic or inelastic collision? Explain your
answer.

¢ Calculate the speed of each ball after the collision.
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25 An 80.0kg student jumps from a bridge at the end of
a bungee rope. When the student drops the full length
of the 134 m bungee rope it then stretches by 10.0%
as the student comes to a stop. Calculate the spring
constant of the rope.

26 A student throws a basketball upwards with an initial
speed of ums™ and notes that it reaches a maximum
height above their hand of hm. If the student then
throws the ball with an initial speed of 2ums, how high

will the ball go? Give your answer in terms of h.

27 Two children are standing on a bridge throwing stones
into the river below. Susan throws a stone upwards,
and Peter throws a stone downwards at the same
speed. Select the correct answer from the following
options and justify your choice.

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

B The stone that is thrown downwards by Peter will
hit the water at a greater speed than Susan’s stone,
which was thrown upwards.

C Susan’s stone will hit the water at a greater speed
than Peter’s stone.

D More information is required to determine which
stone hits the water at the greatest speed.

An 11.0t satellite is in orbit at an altitude of 1130km
above the surface of the Earth. A booster rocket is fired,
putting the satellite into an orbit of altitude 2130 km.
The graph below shows how the gravitational field
changes as the distance from the centre of the Earth
varies. The radius of the Earth is 6.37 x 10°m and the
mass of the Earth is 5.98 x 10%*kg.

28

Gravitational field strength as a
function of distance from the Earth
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a Using the graph above, estimate the work done by
the booster rocket in increasing the potential energy
of the satellite.

b Calculate the kinetic energy of the satellite in its final
orbit.

CHAPTER 3 | THE RELATIONSHIP BETWEEN FORCE, ENERGY AND MASS
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30

A new space telescope is 631 km above the surface
of the Earth and in a circular orbit. Its mass is

1.10 x 107kg. Use the graph below to estimate its
gravitational potential energy relative to the surface of
the Earth.

Gravitational field strength as a
function of distance from the Earth
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A 264 g toy truck with a springy bumper is travelling

at 0.300ms™. It collides with a 112 g toy car travelling

in the same direction at 0.200ms. The car moves

forwards at a speed of 0.300ms.

a Calculate the speed of the truck after the collision.

b Calculate the total kinetic energy of the system
before the collision.

¢ Calculate the total kinetic energy of the system after
the collision.

d Complete the following statements by selecting the
appropriate option from those in bold.

i The total kinetic energy before the collision is
more than/less than/equal to the total kinetic
energy after the collision.

ii The kinetic energy of the system of toys is/is not
conserved.

iii The total energy of the system of toys is/is not
conserved.

iv The total momentum of the system of toys is/is
not conserved.

v The collision is/is not perfectly elastic because
kinetic energy/total energy/momentum is not
conserved.
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UNIT 3 ¢ Areaof Study1 .

How do physicists explain motion in two dimensions?

Multiple-choice questions

1 A netball is dropped vertically from a height of 1.5m
onto a horizontal floor. The ball reaches the floor and is
stationary for a short time before rebounding. Which of
the following diagrams correctly represents the action-
reaction forces acting between the ball and the floor
when the ball is stationary? (More than one answer
may be correct.)

A F B Fn
=
C Fb,f D be

Fip l Fep

2 Which of the following diagrams best shows the forces
acting on a ball thrown diagonally as it travels through
the air?

A B

The following information relates to questions 3-5.

A skateboarder of mass 55kg is practising on a half-pipe of
radius 2.0 m. At the lowest point of the half-pipe, the speed
of the skater is 6.0ms™.

3 What is the magnitude and direction of the
acceleration of the skater at this point?
A 3ms?up
B 3ms=? down
C 18ms?up
D 18 ms?down

4  What is the size of the normal force acting on the
skater at this point?
A 3.7 x 10°N
B 45x 10°N
C 70x10°N
D 1.5x10°N

5 What effect does the normal force have on the feeling
experienced by the skater as they travel through the
lowest point in the pipe?

A The skater feels lighter than they would if they were
stationary.

B The skater feels heavier than they would if they were
stationary.

C The skater feels exactly the same as they would if
they were stationary.

D There is not enough information to tell.

The following information relates to questions 6-9.

A tennis ball is thrown at a stationary bowling ball of mass

5.0kg. The tennis ball rebounds and the bowling ball

rolls very slowly away from the thrower. The collision is

considered to be inelastic. Use the graphs below to answer

questions 6 and 7.

A | B

.
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UNIT 3 ¢ Area of Study 1

6 Which graph best shows the total kinetic energy of the
system before, during and after the collision?

7 Which graph best shows the total momentum of the
system before, during and after the collision?

8 How does the change in momentum of the tennis ball
compare with the change in momentum of the bowling
ball?

A They are equal.
B The tennis ball experiences a greater change of

momentum.

C The bowling ball experiences a greater change of
momentum.

D They are equal in magnitude and opposite in
direction.

9 How do the forces that the two balls exert on each

other during the collision compare?

A The forces are equal.

B The tennis ball exerts the greater force.

C The bowling ball exerts the greater force.

D The forces are equal in magnitude and opposite in

direction.
The following information relates to questions 10-12.
As part of an investigation into energy conservation,
students attach a 2.0kg mass to a spring with a spring
constant of 100N m™1. The mass is initially supported at
position A so that there is no spring extension. When the
mass is released, the students observe it falling through
position B until it momentarily comes to rest at position
C. The mass then passes through position D and returns
to near its original position, oscillating back and forth for
some time before coming to rest.
A B C D

Top (unstretched)

10

11

12

In the diagram below left, at which position (A, B, C or
D, and more than one may be correct) is there:

a the greatest elastic potential energy?

b the greatest gravitational potential energy?

¢ the greatest kinetic energy?

How far has the spring extended when the mass is at
position C?

A 0.10cm

B 0.39cm

C 10cm

D 39cm

How far has the spring extended when the mass stops
oscillating?

A 0.10cm

B 0.20cm

C 10cm

D 20cm

Short-answer questions

13

In the Gravitron ride, patrons enter a cylindrical

chamber which rotates rapidly, causing them to

be pinned to the walls as the floor drops away.

A particular Gravitron has a radius of 5.00m and

rotates with a period of 2.50s. Jodie, of mass 60.0kg,

is on the ride.

a Choose the correct responses in the following
statement from the options given in bold:
As the Gravitron spins at a uniform rate and Jodie
is pinned to the wall, the horizontal forces acting on
her are balanced/unbalanced and the vertical forces
are balanced/unbalanced.

b Calculate Jodie’s speed as she revolves on the ride.

¢ What is the magnitude of her centripetal
acceleration?

d Calculate the magnitude of the normal force that
acts on Jodie from the wall of the Gravitron.
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14 The diagram below shows a car travelling at 40ms™!

16

on a banked racing track. The track is banked so
that when a car corners at 40ms}, it experiences no
sideways frictional forces.

The track is circular with a radius of 150m.

a Draw and identify the forces that are acting on the
car at this instant.

b Calculate the angle to the horizontal at which the
track is banked.

Two friends, Elvis and Kurt, are having a game of catch.

Elvis throws a baseball to Kurt who is standing 8.0m

away. Kurt catches the ball 2.0s later at the same

height, 2.0m, from which it is thrown. The mass of the

baseball is 250g. Ignore the effects of air resistance.

a What is the maximum height of the ball during its
flight?

b What is the acceleration of the ball at its maximum
height?

¢ Calculate the speed at which the ball was thrown.

A ball bearing of mass 25g is rolled along a smooth
track a section of which is in the shape of a loop. The
ball bearing is given a launch speed at point A so that
it just maintains contact with the track as it passes
through point C. Ignore drag forces when answering the
following questions.

A

a Determine the magnitude of the acceleration of the
ball bearing as it passes point C.

b How fast is the ball bearing travelling at point C?

¢ How fast is the ball bearing travelling at point B?

17

18

A small-time gold prospector sets up a cable-pulley
system that allows him to move a trolley full of ore of
total mass 200kg from rest a distance of 20m along
a level section of rail track, as shown in the following
diagram.

200 kg

bumper
[ 20m

100 N

When the load reaches the end of the track, it is
momentarily brought to rest by a powerful spring-
bumper system, which can be assumed to have
negligible mass. A constant frictional force of 30N acts
on the wheels of the trolley. The prospector applies

a constant force of 100N to the cable as the trolley
moves along the track. Assume that there is negligible
friction between the pulley and the cable.

a How much work is done on the trolley as it moves
along the track?

b Calculate the change in kinetic energy of the load as
it moves along the track.

¢ What is the speed of the load when it reaches the
end of the track?

d The spring bumper has a force constant of
1500N m~1. How much kinetic energy does the
trolley lose as the spring is compressed by 18cm?

At football training, players are throwing themselves at

a large tackle bag of mass 45kg. A ruckman of mass

120kg running at 6.0ms™ crashes into the stationary

bag and carries it forward.

a At the moment of impact, what is the combined
speed of the bag and the ruckman?

b i How much momentum does the ruckman lose?
ii How much momentum does the tackle bag gain?

¢ What is the force experienced by the ruckman if the
collision with the tackle bag occurs over 120ms?

d Is the collision of the ruckman and the tackle bag
elastic or inelastic? Use calculations to justify your
answetr.
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19 A physics student decides to study the properties of a
bungee rope by recording the extension produced by
various masses attached to the end of the rope. The
results of the experiment are shown in the following

table.
0.5 0.24
1.0 7 0.52
1.5 0.73
2.0 0.95
2.5 1.20
3.0 1.48
35 » 1.70

a Draw the force versus extension graph for the
bungee rope.

b Estimate the value of the spring constant of the
bungee rope.
During an investigation, a student stretches the rope
horizontally by 15m.

¢ Assuming that the bungee rope behaves ideally,
determine the potential energy stored in the rope at
this point.

The student stands on a skateboard and allows the

rope, stretched by 15m, to drag her across the smooth

floor of the school gymnasium. The combined mass of

the student and her board is 60kg.

d Calculate the maximum speed that the student
reaches as she is pulled by the bungee cord.

20 Aristotle suggested that the natural state of motion of
any object is rest. Galileo introduced the principle of
inertia and claimed that the natural state of motion
of any object is constant velocity (zero velocity being
just one example). Explain why Aristotle’s view was so
hard to overcome and why, if we had spent time as an
astronaut on a space station, Galileo’s principle would
have been much easier to accept.

REVIEW QUESTIONS 161
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CHAPTER

4 Gravity

Gravity is, quite literally, the force that drives the universe. It was gravity that
first caused particles to coalesce into atoms, and atoms to congregate into
nebulas, planets and stars. It holds the planets in orbit around the Sun, and the
Moon in orbit around the Earth. An understanding of gravity is fundamental to
understanding the universe.

This chapter considers Newton’s law of universal gravitation. This law can be used
to predict the size of the force experienced by an object at various locations on the
Earth and on other planets. It will also be used to develop the idea of a gravitational
field. Since the concept of a field is also used to describe other basic forces—

such as electromagnetism and the strong and weak nuclear forces—this chapter
provides an important foundation for further study in physics.

Key knowledge

« describe gravitation, magnetism and electricity using a field model 4.2

« investigate and compare theoretically and practically gravitational, magnetic
and electric fields, including directions and shapes of fields, attractive and
repulsive effects, and the existence of dipoles and monopoles 4.2

investigate and compare theoretically and practically gravitational fields
and electrical fields about a point mass or charge (positive or negative) with
reference to:

— the direction of the field 4.2
the shape of the field 4.2

the use of the inverse square law to determine the magnitude of the
field 4.1, 4.2

potential energy changes (qualitative) associated with a point mass or
charge moving in the field 4.3

analyse the use of gravitational fields to accelerate mass, including

— gravitational field and gravitational force concepts: g = GM2 and
r

™M, 4.1,4.2
7 4,4

- potential energy changes in a uniform gravitational field: £, = mgAh 4.3

F,=G

analyse the change in gravitational potential energy from area under a force
vs distance graph and area under a field vs distance graph multiplied by
mass 4.3

identify fields as static or changing, and as uniform or non-uniform 4.2

VCE Physics Study Design extracts © VCAA (2022); reproduced by permission




FIGURE 4.1.1 Sir Isaac Newton is one of the
most influential physicists who ever lived.

4.1 Newton’s law of universal
gravitation

In 1687 Sir Isaac Newton (Figure 4.1.1) published a book that changed the world.
Entitled Philosophice Naturalis Principia Mathematica (Mathematical Principles of
Natural Philosophy), Newton’s book (Figure 4.1.2) used a new form of mathematics
now known as calculus and outlined his famous laws of motion.

The Principia also introduced Newton’s law of universal gravitation. This
was particularly significant because, for the first time in history, it scientifically
explained the motion of the planets. This led to a change in humanity’s understanding
of its place in the universe.
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FIGURE 4.1.2 The Principia is one of the most influential books in the history of science.

UNIVERSAL GRAVITATION

Newton’s law of universal gravitation states that any two bodies in the universe
attract each other with a gravitational force that is directly proportional to the
product of their masses and inversely proportional to the square of the distance
between them.

Mathematically, Newton’s law of universal gravitation can be expressed as
follows.

mm,

F=G™,
where F, is the gravitational force (N)
m, is the mass of object 1 (kg)
m, is the mass of object 2 (kg)
ris the distance between the centres of m, and m, (m)
G is the gravitational constant, 6.67 X 107''N m?kg2
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Measuring the gravitational constant, G

The gravitational constant, G, was first accurately Analysis

measured by the British scientist Henry Cavendish This case study describes Henry Cavendish’s 1798

in 1798, more than a century after Newton’s death. experiment. The experiment used two pairs of lead balls:
Cavendish used a torsion balance (Figure 4.1.3), a device a pair each of mass 158kg and a pair each of mass

that can measure very small twisting forces, to conduct 0.730kg. The different sized balls were held 230 mm apart.
his experiment. Cavendish’s experiment could measure 1 Using G = 6.67 x 10-''N m2kg-2, calculate the

forces smaller than 1uN (i.e. 10°N). He used this balance magnitude of the force of gravitational attraction
to measure the force of attraction between two lead balls between one of the large and one of the small
held a small distance apart. Once the size of the force lead balls.

was known for a given combination of masses at a known

The value of the gravitational constant, G, used in this
separation distance, a value for G could be determined.

course is 6.67 x 10-''Nm?kg=2. However, Henry Cavendish
calculated it to be 6.75 x 101N m?kg-2.

2 What is the percentage error in Henry Cavendish’s
result compared with the value we use in this course?

FIGURE 4.1.3 A model of the torsion balance that Henry Cavendish used to
measure the small twisting force created by the gravitational attraction of
lead balls.

The fact that r appears in the denominator of Newton’s law of universal

gravitation indicates an inverse relationship. Since ris also squared, this relationship PHYSICSFILE
is known as the inverse square law. The implication is that as r increases, F, will

decrease dramatically. This type of law will appear again later in the chapter. Universal laws

As its name suggests, the law of universal gravitation predicts that any two The use of the term ‘universal’ in
objects that have mass will attract each other. However, because the value of G Newton'’s law assumes that this law
is so small, the gravitational force between two everyday objects is too small to applies throughout the universe. While
be noticed. This is demonstrated in Worked example 4.1.1, where the result is an many measurements have supported

this law, the universe is so large that
our measurements can only sample

a tiny fraction of the universe. We
may learn one day that there are
regions of the universe where this law
doesn’t apply.

attractive force that is negligible.
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Worked example 4.1.1
GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS

Two bodies with masses 90kg and 75 kg are at a distance of 80cm between
their centres. Calculate the force of gravitational attraction between them.

Thinking Working
Recall the equation for Newton’s law of _Amm,
) L F.=G
universal gravitation. g r
Note the information provided and G=6.67 x 10-'*Nm?kg=
convert values into appropriate units m, = 90kg
where necessary.
m,=75kg

r=80cm=0.80m

Substitute the values into Newton’s B 11 90x75
equation. Fg =667x107" % 0.802

Solve the equation. Fe=7.0x107N

Worked example: Try yourself 4.1.1
GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS

Two bowling balls are sitting next to each other on a shelf. The centres of the
balls are 60cm apart. Ball 1 has a mass of 7.0kg and ball 2 has a mass of
5.5kg. Calculate the force of gravitational attraction between them.

GRAVITATIONAL ATTRACTION BETWEEN
MASSIVE OBJECTS

Gravitational forces between everyday objects are so small (as seen in Worked
example 4.1.1) that they are hard to detect without special equipment and can
usually be considered negligible.

For the gravitational force between objects to become significant, at least one of
the objects must have a very large mass, such as the mass of a planet (Figure 4.1.4).

FIGURE 4.1.4 Gravitational forces between objects only become significant when at least one of the
objects has a large mass, e.g. the Earth and the Moon.
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Worked example 4.1.2
GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS

Calculate the force of gravitational attraction between the Earth and the Moon
given the following data:

mEarth = 598 X 1024 kg
Moo = 7.35 x 1022kg
M'vioon-Earth = 3.84 x 108m

Thinking Working

Recall the equation for Newton’s law m,m,

of universal gravitation. fo= Gr—z

Note the information provided. G=6.67 x 10-'*Nm?kg=?

m, =5.98 x 10%*kg
m, =7.35 x 10%?kg

r=3.84x10%m
Substitute the values into Newton’s 598 % 10% x 7.35 x 10?2
i F. =667x101"x= -
equation. g X X (384 x10°)
Solve the equation. F,=1.99 x 10®°N

Worked example: Try yourself 4.1.2
GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS

Calculate the force of gravitational attraction between the Sun and the Earth
given the following data:

Mg, = 1.99 x 103%kg
Mean = 5.98 x 1024 kg
Isun-gartn = 1.50 x 1011 m

The force calculated in Worked example 4.1.2 is much greater than the force
calculated in Worked example 4.1.1, illustrating the difference in the size of the
gravitational force when at least one of the objects has a very large mass.

EFFECT OF GRAVITY

According to Newton’s third law of motion, forces occur in action—reaction pairs.
An example of such a pair is shown in Figure 4.1.5.The Earth exerts a gravitational
force on the Moon and, conversely, the Moon exerts an equal and opposite force
on the Earth. Using Newton’s second law of motion, you can see that the effect
of the gravitational force of the Moon on the Earth will be much smaller than the
corresponding effect of the Earth on the Moon. This is because of the Earth’s
larger mass.

FIGURE 4.1.5 The Earth and the Moon exert
gravitational forces on each other.
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Worked example 4.1.3

ACCELERATION CAUSED BY A GRAVITATIONAL FORCE

Use the following data:
Mean = 5.98 x 10%4kg
Myoon = 7.35 x 1022kg

caused by this force. Compare these accelerations by calculating the ratio Z—.

The force of gravitational attraction between the Moon and the Earth is
approximately 2.0 x 10?°N. Calculate the acceleration of the Earth and the Moon

Moon

Earth

Thinking Working

Recall the equation for Newton’s F.oe=ma

second law of motion.

Transpose the equation to make a _ Fa

the subject. a= m

Substitute values into this equation 20x10% S

to find the accelerations of the Moon | e = 5 gg 1oz = o3 <107 ms

and the Earth. L 20x10% 10t
Moon T 735x10%2 7

Compare the two accelerations. By 2.7 % 107 g

3 3.3x107

The acceleration of the Moon is
approximately 82 times greater than the
acceleration of the Earth.

Worked example: Try yourself 4.1.3
ACCELERATION CAUSED BY A GRAVITATIONAL FORCE

Use the following data:
Mearn = 5.98 x 1024 kg
Mgyn = 1.99 x 103%kg

The force of gravitational attraction between the Sun and the Earth is
approximately 3.5 x 1022N. Calculate the acceleration of the Earth and the Sun

aEarth

caused by this force. Compare these accelerations by calculating the ratio —==

a

Sun

Gravity in the solar system

Although the accelerations caused by gravitational forces in Worked example 4.1.3
are small, over billions of years they created the motion of the solar system.

In the Earth—-Moon system, the acceleration of the Moon is many times greater
than that of the Earth, which is why the Moon orbits the Earth. Although the
Moon’s gravitational force causes a much smaller acceleration of the Earth, it does
have other significant effects, such as causing the tides.

Similarly, the Earth and other planets orbit the Sun because their masses are
much smaller than the Sun’s mass. However, the combined gravitational effect of
the planets of the solar system (and Jupiter in particular) causes the Sun to wobble

slightly as the planets orbit it.
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Extrasolar planets

Planets orbiting stars other than the Sun are known as Queensland astronomer Jonti Horner (Figure 4.1.6)
extrasolar planets (or ‘exoplanets’). One of the ways in has discovered many exoplanets using gravitational
which exoplanets can be detected is by the gravitational wobble and other planet-hunting methods. But he is still
effect they have on their host star. impressed by the science behind these discoveries: ‘Stars
When a planet orbits a star, the gravitational force are trillions or quadrillions of kilometres away. Proxima
between them causes the star to wobble. Sometimes Centauri, the nearest, is more than 40 trillion km distant.
this wobble is big enough to be detected on the Earth. | find it astonishing we can measure something that is so
Exoplanets that have been detected in this way range in distant and see a wobble that is comparable to the speed
size from the mass of the Earth to many times the mass at which you or I would walk around the shops!
of Jupiter.
Consider Newton’s law of universal gravitation:
F,=G m;TZ. From this equation it follows that the greater

the mass of a planet, the greater the gravitational force
between that planet and its host star. Further, the greater
the gravitational force between a planet and its host star,
the greater is the host star’s wobble. Similarly, the closer
the planet’s orbit is to the star (i.e. the smaller r is), the
greater the gravitational force and therefore the greater
the wobble. This implies that the easiest exoplanets to spot
are those known as ‘hot Jupiters’. These are planets with
a mass at least that of Jupiter that orbit their star closer
than Mercury orbits the Sun. They are the planets that
exert the greatest forces on their host star.

Hot Jupiters were the first exoplanets to be discovered
using the gravitational wobble method. In fact, before hot
Jupiters were detected, astronomers didn’t believe that

planets that large could form so close to a star. In 1995 exoplanets by the gravitational pull they have on their host star.
the very first exoplanet discovered orbiting a regular star,
51 Pegasi b, revolutionised our understanding of how Analysis

Sl SRS VO 1 Explain the term ‘hot Jupiters’ and how they are

Since then, astronomers’ instruments have improved reasonably easy for astronomers to detect.
and can now detect the gravitational tug of much smaller

2 Astronomers can discover planets orbiting distant
planets.

stars by observing the effect of the exoplanet’s
gravitational pull on its host star. The huge exoplanet
Hypatia has a mass of 1.68 x 10%6kg (almost 10 times

In 2016 it was discovered that Proxima Centauri, the
star closest to our solar system, has at least one planet

not much larger than the Earth tugging at the star. With the mass of Jupiter).

such a small planet, the effect on the star’s orbit is tiny—a a Calculate the magnitude of the gravitational

change in velocity of only 1.4 ms™. The instrumentation force that the planet exerts on its host star given

used by astronomers is precise enough to detect such that Hypatia orbits at an average distance of

small changes in velocity. 195000000 km and the mass of its host star is
Instruments at the observatory at Mt Kent in southern 3.62 x 10%%kg.

Queensland can detect even smaller gravitational wobbles b Calculate the magnitude of the resulting

in distant stars, changes as small as 1 ms, or about the acceleration of the planet’s host star.

same as a very slow walking pace.
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GRAVITATIONAL FORCE

In Unit 2 Physics, the force on an object due to gravity was calculated using the
equation F, = mg. Worked example 4.1.4 below shows that the equation F, = mg
and Newton’s law of universal gravitation give the same answer for the gravitational
force acting on objects on the Earth’s surface. It is important to note that the
distance used in these calculations is the distance between the centres of the two
objects, which, in Worked example 4.1.4, is effectively the radius of the Earth. This
should not be confused with altitude, which is the height above the Earth’s surface.

Worked example 4.1.4
GRAVITATIONAL FORCE

Compare the force due to gravity on a 40kg person calculated using F, = mg
with the gravitational force calculated using F, = Gm;TZ.

Use the following data:

g=9.8ms?

Men=5.98 x 10%*kg

leann = ©6.37 x 106 m

Thinking Working
Apply the equation F, = mg. F,=mg
=40x9.8
=392
=3.9x10%N to 2 significant figures
Apply Newton’s law of universal F —gMmm,
gravitation. £ 2
5.98x10* x 40
=6.67x10Mx =220
XY T 637 %10
=393

=3.9x10?N to 2 significant figures

Compare the two values. The equations give the same result
when rounded to 2 significant figures.

Worked example: Try yourself 4.1.4
GRAVITATIONAL FORCE

Compare the force due to gravity on a 1.0kg mass on the Earth’s surface
calculated using the equations Ff,=mgand F, =G m;TZ.

Use the following data:
g=9.8ms>?

Men = 5.98 x 10%4kg
leann = ©6.37 x 106 m
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Worked example 4.1.4 shows that the constant for the acceleration due to
gravity, g, can be derived directly from the dimensions of the Earth. Given that:

e an object with mass m on the surface of the Earth is at a distance of 6.37 X 10°m
from the centre of the Earth and

e the mass of the Earth is 5.98 x 10*kg

the force due to gravity can be derived from mg and Newton’s law of universal

gravitation:

m m
mg = G Earth

(”Emh )2
mg =mG mEa"‘hz
(rEarth)
m
g= G Earth
(rEarT.h )2

5.98x10*

g=6.67x10" x ————
(6.37x10°)

£=9.8ms™

Thus the rate of acceleration of objects near the surface of the Earth is a result of
the Earth’s mass and radius. A planet with a different mass and/or different radius
will therefore have a different value for g. Likewise, if an object is above the Earth’s
surface, the value of r will be greater and thus the value of g will be smaller (since ris
in the denominator of the equation). This is why the strength of the Earth’s gravity
reduces as you travel away from the Earth.

FORCES DURING VERTICAL ACCELERATION

A person accelerating upwards or downwards in a lift will experience different
forces acting on them compared to when they are standing on the ground. This is
because the contact force between the person and the ground (the normal force)
changes as they accelerate upwards or downwards.

In Worked example 4.1.4 you explored the force due to gravity. When a person
is standing on the ground, the force they experience due to gravity (F,) is equal to
the normal force (Fy) of the ground pushing up against their feet. The result is that
the person does not accelerate upwards or downwards. They remain stationary on
the ground. However, when they are accelerating upwards or downwards in a lift,
F, is no longer equal to F,. If F is greater than F, (as when they are accelerating
upwards), the person will feel heavier than when they are standing on the ground.
If F\ is less than F, (as when they are accelerating downwards), they will feel lighter
than when they are standing on the ground.

PHYSICSFILE

g at the ISS

The International Space Station (ISS)
orbits the Earth at an altitude of
approximately 400 km. It is easy to
think that because astronauts on the
ISS are floating they must experience
little or no gravitational forces. In
fact the value of g at the ISS is only

a little less than that on the Earth:

it is approximately 8.7 Nkg. The
astronauts float because they are in
free fall. You will learn more about this
in Chapter 6.
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Worked example 4.1.5

FORCES DURING VERTICAL ACCELERATION

A 74 kg person is standing in a lift that is accelerating upwards at 1.5ms=2.
Calculate the force on the person due to gravity and the normal force they
experience. Describe that person’s experience. Assume that g = 9.8 ms=2.

a=15m s‘ZT

Thinking

Working

Calculate the force due to gravity on
the person using F, = mg.

Fe=mg=74x98=725N

Calculate the force required to
accelerate the person upwards at
1.5ms=.

Fu=ma=74x15=111N

The net force that causes the
acceleration results from the normal
force (upwards) and the force due to
gravity (downwards). Since the lift is
accelerating upwards, Fy > F,.

Frp=111
Fy-F,=111
Fy-725=111
F,=725+111
=836
=84x10°N

The person will feel heavier than when
they are standing on the ground.

Worked example: Try yourself 4.1.5
FORCES DURING VERTICAL ACCELERATION

Calculate the force due to gravity and the normal force acting on a 90kg person
in a lift that is accelerating downwards at 0.80ms=2. Describe that person’s
experience. Assume that g =9.8ms=2,
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4.1 Review

All objects with mass attract one another with a
gravitational force. The gravitational force acts
equally on each of the masses.
The magnitude of the gravitational force is given by
Newton’s law of universal gravitation:

F, =G

Gravitational forces are usually negligible unless at
least one of the objects is massive, e.g. a planet.
The force due to gravity on an object at the Earth’s
surface is due to the gravitational attraction of the
Earth, F,.

KEY QUESTIONS

Knowledge and understanding

1

Newton’s law of universal gravitation tells us that a
gravitational force exists between all objects. However,
the magnitude of the force can be insignificant in
many circumstances. Describe a situation where the
gravitational force between objects is negligible.

What does the symbol r represent in Newton’s law of
universal gravitation? In what unit is it measured?

Describe what happens to the gravitational force
acting between two masses m,; and m, a distance r
apart in each case below.

a The mass of m, is doubled.

b The distance r is doubled.

¢ The distance ris quadrupled.

The gravitational attraction between the Sun and

Venus keeps the planet in orbit.

a Calculate the force of gravitational attraction
between the Sun and Venus given the
following data:

Mgy = 2.0 x 103%kg
Myenus = 4.9 x 10?4 kg
Isunvenus = 1.1 X 1011 m

b Calculate the acceleration of Venus towards

the Sun.

» The acceleration due to gravity of an object near
the Earth’s surface can be calculated using the
dimensions of the Earth:

g= GimE""*“2 =9.8ms™
(eartn

+ If you experience a normal force (F) that is greater
than the force due to gravity (F,) you will feel heavier
than when you are standing stationary on the
ground. Similarly, you will feel lighter ifthe normal
force you experience is less than the force due to
gravity.

5 Deimos is a small, rocky moon of Mars. The
acceleration of Deimos caused by the gravitational
force of Mars is much larger than the acceleration of
Mars due to the gravitational force of Deimos. Explain
why this is the case.

6 Two astronauts, each of mass 150kg (including their
suits), float in outer space 1.00m apart.
a Calculate the gravitational force between the
astronauts.
b Calculate the resulting acceleration of each
astronaut.

7 Calculate the force due to gravity on an 80.0kg
astronaut standing on the surface of Mars. Mars has a
mass of 6.40 x 10%2kg and a radius of 3.40 x 10°m.

8 Calculate the normal force acting on a 60.0kg person
in a lift under the following circumstances.
a accelerating upwards at 1.40ms
b moving upwards at a constant speed of 8.00ms-!

continued over page
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4.1 Review continued

Analysis

9 In December 2020, Jupiter and Saturn coincided

to form a great conjunction. The two planets,

when viewed from the Earth, were about a tenth

of a degree apart, so close that, to the naked eye,

they looked like a single point. However, they were

734 million km apart.

Use the following data to answer the questions below:

Myupiter = 1.90 x 1077 kg

Mgaiurm = .68 x 10%6kg

Mgyn = 1.99 x 103%kg

a Calculate the gravitational force between Saturn
and Jupiter during the great conjunction of
December 2020.

b Calculate the force of the Sun on Jupiter when the
distance between them is 778 million km.

¢ The distance between Jupiter and the Sun is
greater than the distance between Jupiter and
Saturn, yet the force of attraction between Jupiter
and the Sun is greater. Explain why this is the case.

d Compare, quantitatively, the gravitational forces
calculated in parts a and b. Also compare the
masses of the Sun and Saturn. Use these values to
confirm your response to part c.

10 Every few years the orbits of Mars and the Earth
come closer than usual. On average, the centres of
the planets are approximately 225 million km apart.
But in August 2003 the planets had their closest
encounter in nearly 60000 years—the centres of
the planets were just 56 million km apart. Use the
following data to answer the questions below.

Meann = 5.98 x 10%4kg

Myars = 6.39 x 102 kg

a Calculate the gravitational force between the Earth
and Mars in August 2003.

b Calculate the gravitational force between the Earth
and Mars when their centres are at their average
separation distance (225 million km).

¢ Compare your answers to parts a and b by
expressing the average force as a percentage of the
force during the August 2003 approach.

11 Consider the force of gravity on Mercury, a small,

rocky planet.

a State the equation you would use to calculate
gravitational acceleration on the surface of Mercury.

b Mercury has a radius only a third of the radius
of the Earth. Explain the effect the much smaller
radius of Mercury has on gravitational acceleration.
(You do not need to refer to the effect of mass in
this instance.)

¢ The mass of Mercury is much smaller than that of
the Earth. Explain the effect the much smaller mass
has on gravitational acceleration.

d Calculate gravitational acceleration on the surface
of Mercury given that Mercury has a mass of
3.29 x 102 kg and a radius of 2440 km.

e Calculate the force due to gravity on a person
standing on the surface of Mercury if this force
measured 735N on the surface of the Earth.
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4.2 Gravitational fields

Newton’s law of universal gravitation describes the force acting between two
mutually attracting bodies. In reality, complex systems involve many more objects
(such as the Sun and planets in our solar system, shown in Figure 4.2.1), with each
object exerting an attractive force on each other at the same time.

To simplify the process of calculating the effect of simultaneous gravitational
forces, scientists in the eighteenth century developed a mental construct known
as the gravitational field. A field describes a region around an object where
other objects experience a force due to a property of the field. In the centuries that
followed, the idea of a field was also applied to other forces and it has become a very
important concept in physics.

A gravitational field is a region in which a gravitational force is exerted on all
matter within that region. Every physical object has an accompanying gravitational  FIGURE 4.2.1 The solar system is a complex
field. For example, the space around your body contains a gravitational field  gravitational system.
because any other object that comes near you will experience a force of gravitational
attraction to your body (although it may be very small).

The gravitational field around a large object, such as a planet, is much more
significant than that around a small object. For example, the Earth’s gravitational
field exerts a significant influence on objects on its surface and even up to thousands
of kilometres into space.

CASE STUDY

Discovery of Neptune

The planet Neptune (Figure 4.2.2) was discovered through Le Verrier sent a prediction of the location of the new
its gravitational effect on other planets. Two astronomers, planet to Gottfried Galle at the Berlin Observatory and, on
Urbain Le Verrier of France and John Couch Adams of 23 September 1846, Neptune was discovered within 1° of

England, each independently noted that the observed orbit Le Verrier’'s prediction (Figure 4.2.3).
of Uranus varied significantly from predictions made based
on the gravitational effects of the Sun and the other known
planets. Both suggested that this was due to the influence
of a distant, undiscovered planet.

FIGURE 4.2.3 This star chart, published in 1846, shows the location
of Neptune in the constellation Aquarius when it was discovered on
23 September, and its location one week later.

FIGURE 4.2.2 Neptune, our solar system'’s outermost planet, was
discovered in 1846 after astronomers observed an irregularity in the
orbit of Uranus that suggested the gravitational influence of another
planet.
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REPRESENTING GRAVITATIONAL FIELDS

Scientists have developed a way of representing fields by a series of arrows known as
field lines (Figure 4.2.4). For gravitational fields, these are constructed as follows:
e the direction of the arrowhead indicates the direction of the gravitational force
. * the space between the arrows indicates the relative magnitude of the field:

7 — closely spaced arrows indicate a strong field

\l

— widely spaced arrows indicate a weaker field
— parallel field lines indicate constant (or uniform) field strength
* the field lines never cross.
N An infinite number of field lines could be drawn, so only a few are chosen to
represent the rest. The size of the gravitational force acting on a mass in the region
AN of a gravitational field is determined by the strength of the field, and the force acts
S in the direction of the field.

B i
.

Worked example 4.2.1

FIGURE 4.2.4 The arrows in this gravitational INTERPRETING GRAVITATIONAL FIELD DIAGRAMS

field diagram indicate that objects will be ) . .
attracted towards the mass. The spacing of the The diagram below represents the gravitational field of a moon.

lines shows that force will be strongest at the
surface of the mass and weaker further away
from it. N

- ————-
N
N

N
N
e

a Draw arrows to indicate the direction of the gravitational force acting at points
A and B.

Thinking Working

The direction of the field arrows indicates
the direction of the gravitational force,

which is inwards, towards the centre of R
the moon.

b State the relative strength of the gravitational field at each point.

Thinking Working

The closer the field lines, the stronger the | The field is stronger at point A than
force. The field lines are closer together at point B.

at point A than they are at point B,
because point A is closer to the moon.
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Worked example: Try yourself 4.2.1

INTERPRETING GRAVITATIONAL FIELD DIAGRAMS
The diagram below represents the gravitational field of a planet.

oA X
1
- ! p
1
A | .
. \J it
AN Vd
. "
________ - -«
v >
it A .
, X N
1
1
:/ I \~
oC
1
1

a Draw arrows to indicate the direction of the gravitational force acting at points
A, B and C.

b State the relative strength of the gravitational field at each point.

GRAVITATIONAL FIELD STRENGTH

In theory, gravitational fields extend infinitely out into space. However, since
the magnitude of the gravitational force decreases with the square of distance,
eventually these fields become so weak as to become negligible.

In Section 4.1 it was shown that it is possible to calculate the acceleration due to
gravity of objects near the Earth’s surface using the dimensions of the Earth:

— > Mean _ -2
g=G (o) =9.8ms

The constant g can also be used as a measure of the strength of the gravitational
field. When understood in this way, the constant is written with the equivalent units
of N kg™ rather than ms 2. This means that gg, ., = 9.8 Nkg™.

These units indicate that objects on the surface of the Earth experience 9.8 N of
gravitational force for every kilogram of their mass.

It follows that the familiar equation F, = mg can be transposed so that the
gravitational field strength, g, can be calculated as follows.

F,

—e
£ m
where g is gravitational field strength (Nkg™)
F, is the force due to gravity (N)

m is the mass of an object in the field (kg)

PHYSICSFILE

Nkg!=ms?2

It is a simple matter to show that N kg
and ms2 are equivalent units.

From Newton's second law, F = ma:
IN=1kgms™?

Therefore 1N x kg! = 1kgms=2 x kg
So 1Nkg!=1ms?
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field
source

FIGURE 4.2.5 The gravitational field spreads out
radially in three dimensions. As the distance
from the source of a field increases, the field

is spread over an area that increases with

the square of the distance from the source,
resulting in the strength of the field decreasing
by the same ratio.
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Worked example 4.2.2
CALCULATING GRAVITATIONAL FIELD STRENGTH

When a student hangs a 5.0kg mass from a spring balance, the balance
measures a downwards force of 49 N.

According to this experiment, what is the gravitational field strength of the Earth
at this location?

Thinking Working

Recall the equation for gravitational E

field strength. g= Eg

Substitute the appropriate values. 49
€750

Solve the equation. g=9.8Nkg!

Worked example: Try yourself 4.2.2
CALCULATING GRAVITATIONAL FIELD STRENGTH

A student uses a spring balance to measure the force due to gravity on a piece
of wood as 2.5N.

If the piece of wood has a mass of 260g, calculate the gravitational field
strength indicated by this experiment.

F
The equation for gravitational field strength, g¢=—%, can be combined with
m

Newton’s law of universal gravitation, F, =G 2m , to develop the equation for
gravitational field strength: r
Mm
K (G r’ )
g - ———
m m

This can be simplified as follows.

=G rﬂz

where g is the gravitational field strength (Nkg™)
G is the gravitational constant, 6.67 x 107!' (N m?kg )
M is the mass of the central body (kg)
ris the radius of the central body (m)

Inverse square law

The field model is a very powerful tool for understanding forces that act at a
distance. It has also been applied to other forces, such as the electrostatic force
between charged objects and the magnetic force between two magnets.

The study of gravitational fields introduces the concept of the inverse square
law. From the point source of a field, whether it is gravitational, electric or magnetic,
the field will spread out radially in three dimensions. When the distance from the
source is doubled, the field will be spread over four times the original area. This is
shown in Figure 4.2.5. In going from r to 2r, the area shown increases from one
square to four squares (22). In going from r to 3r, the area shown increases from
one square to nine squares (3?).
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From the inverse nature of the inverse square law, at a distance 2r the strength
of the field is a quarter of that at r. The force the field will exert at that distance will
also be one quarter. At 3 from the source, the field will be reduced to one-ninth of
that at the source, and so on.

One key difference between the gravitational force and other inverse square
forces is that the gravitational force is always attractive, whereas like charges or like
magnetic poles repel one another.

Inverse square laws are an important concept in physics, not only in the study of
fields but also for other phenomena where energy is moving away from its source
in three dimensions, such as with sound and other waves.

Variations in gravitational field strength of the Earth

The gravitational field strength of the Earth, g, is usually assigned a value of
9.81 Nkg™!. However, the field strength experienced by objects on the surface of
the Earth can vary between 9.76 Nkg! and 9.83 N kg™, depending on the location.
For example, the gravitational field is slightly stronger at the poles and slightly
weaker at the equator.

In addition, certain geological formations can create differences in gravitational
field strength. Geologists use a sensitive instrument known as a gravimeter
(Figure 4.2.6) to detect small local variations in gravitational field strength. These
variations indicate particular underground features. For example, rocks with above-
average density, such as those containing mineral ores, create slightly stronger
gravitational fields, whereas less-dense sedimentary rocks produce weaker fields.

L4

FIGURE 4.2.6 A gravimeter can be used to measure the strength of the local gravitational field.

North Pole

PHYSICSFILE

The shape of the Earth

The shape of the Earth is known as

an oblate spheroid, that is, a partially
flattened sphere. Mathematically, this is
the shape made when an ellipse is rotated
around its minor axis. The diameter of the
Earth between the North Pole and South
Pole is approximately 40 km shorter than
its diameter at the equator. This means
that the gravitational field is slightly
stronger at the poles and slightly weaker
at the equator.

polar diameter
12714 km

South Pole

equatorial diameter

= 12756 km =
Because the Earth is a sphere slightly
flattened at the poles, its gravitational field
is slightly stronger at the poles.

0 In a gravitational field, the strength
of the force varies inversely with the
square of the distance between the
objects:

Pl

r2

where F is the force
r is the distance from the source
of the gravitational field
This is referred to as the inverse
square law.

PHYSICSFILE

Variations in gravitational
field strength

The measured value for g is not
constant everywhere on Earth. It is
higher at the poles than at the equator
due to the slightly squashed shape of
the Earth. At the equator g is about
9.780N kg™ and at the poles it is
about 9.832 N kg™. The value of g also
varies according to certain geological
features, such as valleys, mountains
and the density of nearby rocks. One
of the lowest readings of g is on Mount
Nevado Huascaran in Peru, while the
highest is on the Arctic Ocean surface.
Globally, the average value for g is
9.8Nkg™.
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36 000 km K ¢=022Nkg"

6400 km - g = 2.5 N kg

1000 km -| g =7.3 N kg

400 km -| g =8.7 N kg!
surface | g =9.8 N kg!

&

b

FIGURE 4.2.9 The Earth’s gravitational field
strength is weaker at higher altitudes.

If the surface of the Earth is considered to be flat, as it appears in everyday life,
then the gravitational field lines are approximately parallel, indicating a uniform
field (Figure 4.2.7).

N | |

Y Y Y Y

FIGURE 4.2.7 The uniform gravitational field, g, is represented by evenly spaced parallel lines in the
direction of the force.

However, when the spherical shape of the Earth is viewed from a distance, it
becomes clear that the Earth’s gravitational field is not uniform at all (Figure 4.2.8).
The increasing distance between the field lines as the distance from the Earth
increases indicates that the field becomes progressively weaker. Values for g at
different altitudes are shown in Figure 4.2.9.

AN ' 8 .7

1
1
1
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1
1

FIGURE 4.2.8 The Earth’s gravitational field becomes progressively weaker as the distance from the
Earth increases. This is evident in the greater distance between the field lines further from the Earth.

This variation in the value of g is because gravitational field strength, like
gravitational force, is governed by the inverse square law:
MEarth

(Maartn )

g=G

This is shown graphically in Figure 4.2.10 on page 181.

The gravitational field strength at different altitudes (that is, different heights
above the surface of the Earth) can be calculated by first adding the altitude to
the radius of the Earth to give the distance of the object from the Earth’s centre
(Figures 4.2.9 and 4.2.10).

At an altitude above the Earth’s surface:
GMEarth

£ (g +altitude)?
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Graph of gravitational acceleration
at different altitudes
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FIGURE 4.2.10 As the distance from the surface of the Earth increases, the value of g decreases
rapidly from 9.8 N kg™, according to the inverse square law. The blue line on the graph gives the
value of g at various altitudes (h).

Worked example 4.2.3
CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES

The Concorde was a passenger aircraft capable of supersonic speeds. It flew
at much higher altitudes than most other aircraft. Calculate the strength of
the Earth’s gravitational field at the cruising altitude of the Concorde using the
following data:

leatn = 0.37 x 108 m
Meann = 5.98 x 1024 kg
cruising altitude of the Concorde = 18000 m

Thinking Working

Recall the equation for gravitational -G M
field strength. g= =3
Add the height of the cruising altitude | r =6.37%x10°+18000
to the radius of the Earth.

=6.388x10°m
Substitute values into the equation g= GMz
and solve it. r
5.98 x10*
=6.67x10MM x — " —__
XY X 6388 x10°)
=9.77Nkg™

Worked example: Try yourself 4.2.3
CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES

Commercial airlines typically fly at an altitude of 12000 m. Calculate the
gravitational field strength of the Earth at this height using the following data:

learn = 6.37 x 10°m
Meann = 5.98 x 1024 kg
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Gravitational field strengths of other astronomical bodies

The equation g =G —; can be used to calculate the gravitational field strength on

-
the surface of any astronomical body, such as Mars (Figure 4.2.11) or the Moon.

The gravitational field strength on the Moon is much less than on the Earth,
at approximately 1.6 Nkg™. This is because the Moon’s mass is smaller than the

Earth’s.
Worked example 4.2.4

GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON

Calculate the strength of the gravitational field on the surface of the Moon given
that the Moon’s mass is 7.35 x 10?2kg and its radius is 1740km. Compare your
answer with the average gravitational field strength on the Earth (9.8 Nkg-!).
FIGURE 4.2.11 The gravitational field strength
on the surface of Mars is different to the Thinking Working
gravitational field strength on the surface of the
Earth and the Moon. Recall the equation for gravitational G M
field strength. g= =
Convert the Moon’s radius to metres. r=1740km
=1740x1000
PHYSICSFILE = 1.74%10°m
Moon walking Substitute values into the equation _G M
Walking is a process of repeatedly and solve it. €= =
stopping yourself from falling over. . 7.35x10%
When astronauts first tried to walk on =6.67x10"" x W
the Moon, they found that they fell too o '
slowly to walk easily. So they invented =1.62Nkg
a km;]j of.sEufﬂmg Jufmp that was a di Compare the field strength with the Sean 9.8
muc quuf erway of moving around in Earth’s average gravitational field Cuoon 162
the Moon’s weak gravitational field. ) - 8 )
strength by calculating the ratio === - 6.0
Moon
At their surfaces, the Earth’s
gravitational field strength is six times
stronger than that of the Moon.

Astronauts had to invent a new way of
walking to deal with the Moon’s weak
gravitational field
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Worked example: Try yourself 4.2.4

GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON

Myars = 6.42 x 10%kg
Iviars = 3390 km

(9.8Nkg).

Calculate the strength of the gravitational field on the surface of Mars.

Compare your answer with the Earth’s average gravitational field strength
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4.2 Review

» A gravitational field is a region in which a » The gravitational field strength on the surface of any
gravitational force is exerted on all matter within that astronomical body depends on the mass and radius
region. of the body.

» A gravitational field can be represented by a e The strength of a gravitational field can be
gravitational field diagram. calculated using the following equations:

— The arrowheads indicate the direction of the

F, M
=8 org=G—
gravitational force. g=,"8 G 2

— The spacing of the lines indicates the relative » The gravitational field strength on the Earth’s
strength of the field. The closer the line spacing, surface is approximately 9.8 Nkg=. This varies from
the stronger the field. location to location and with altitude.

KEY QUESTIONS

Knowledge and understanding 5 On 12 November 2014 the Rosetta spacecraft landed
1 Answer the following questions about the Earth’s a probe on the comet 67P/Churyumov-Gerasimenko.
gravitational field. Assuming that this comet is roughly spherical and

has a mass of 1.0 x 10'3kg and a radius of 900 m,

a State the average value of the gravitational field e :
calculate the gravitational field strength 100m above

strength at the Earth’s surface. Express your

answer with appropriate units. Explain why the its surface.
the Earth is often used in calculations. listed in the table below. Calculate the gravitational
b The Earth’s gravitational field points directly to field strength, g, at the surface of each moon (or at
the centre of the Earth. Explain, then, why the field the radius stated for moons without a solid surface).
close to the Earth’s surface can be treated as a .
uniform field. Moon ‘ Mass (kg) ‘ Radius (m)
a Titan 1.35 x 10 2.57 x 10°

2 A spring balance is used to measure the force due
to gravity on a 200g set of slotted masses. The force b Dione 1.10 x 102 561 x 10°
measured is 1.5N. What is the gravitational field
strength at this location?

c Tethys 6.17 x 10% 5.31 x 10°

3 A gravitational field, g, is measured as 6.0Nkg™ at a Analysis
distance of 300 km from the centre of a planet. If the 7
gravitational field were to be measured at a distance to form a very small, very dense body known as a

of 1|2dog kn’r:from‘ thi c:ntre of this same planet,hwhat neutron star. A typical neutron star can have a mass
wou e the ratio of the new measurement to the of 3.0 x 10%°kg and a radius of just 10km.

original measurement?

When a star dies, its atomic structure may collapse

a Calculate the gravitational field strength at the

4 The International Space Station orbits the Earth surface of a typical neutron star.
at an altitude of approximately 400km above the b Compare the gravitational field strength of a typical
Earth’s surface. Calculate the strength of the Earth’s neutron star to the strength of the gravitational
gravitational field on the International Space Station. field at the Earth’s surface. (Use ge.p = 9.8mMs2)
Use the following data: ¢ Calculate the distance from a typical neutron star
leartn = 6370km where the gravitational field strength is the same as
Mean = 5.98 x 10%*kg the gravitational field strength at the surface of the

Earth. (Use ggpin = 9.8 ms=2)

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
] 1
1 1
1 1
1 1
1 1
] 1
] 1
1 1
] 1
] 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 . 1
! average value for the gravitational field strength of 6 The mass and radius of three of Saturn’s moons are !
] 1
1 1
1 1
1 1
1 1
1 1
] 1
] 1
1 1
] 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
] 1
1 1
1 1
1 1
1 1
] 1
] 1
1 1
] 1
] 1
1 1
. continued over page |
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4.2 Review continued

8 A hypothetical planet in a distant solar system is

distinctly non-spherical in shape. Its polar radius is

5000km and its equatorial radius is 6000 km. The

gravitational field strength at the poles is 8.0Nkg™.

a Calculate the ratio between the polar and
equatorial radii and use this to find the gravitational
field strength at the equator of the planet.

b Confirm your answer to part a using the equation
M
g=G
r

There is a point between the Earth and the Moon
where the total gravitational field is zero. The
significance of this is that lunar missions are able to
return to the Earth under the influence of the Earth’s
gravitational field once they pass this point on their
journey back. Given that the mass of the Earth is

5.98 x 10%*kg, the mass of the Moon is 7.3 x 10%?kg
and the radius of the Moon'’s orbit is 3.8 x 108m,
calculate the distance of this point of zero gravity from
the centre of the Earth.

10 An astronaut travels away from the Earth to a region

in space where the gravitational force due to the
Earth is only 1.0% of that at the Earth’s surface. What
distance, in Earth radii, is the astronaut from the
centre of the Earth?

184

AREA OF STUDY 2 | HOW DO THINGS MOVE WITHOUT CONTACT?



4.3 Work in a gravitational field

The concept of gravitational potential energy will be familiar to you from
Section 3.5. However, the nature of a gravitational field requires a more sophisticated
understanding of gravitational potential energy when considering the motion of
such objects as rockets and satellites (Figure 4.3.1).

o P =8

- - ~ -

FIGURE 4.3.1 Satellites in orbit have gravitational potential energy.

REVISITING WORK AND CONSERVATION OF ENERGY

The gravitational potential energy of an object, E,, is the energy of an object due
to its position in a gravitational field. It is directly proportional to the mass of the
object, m, its height above a reference point, A%, and the strength of the gravitational
field, g.

E, = mgAh
where E, is the gravitational potential energy of an object (J)
m is the mass of the object (kg)

g is the gravitational field strength (N'kg™'; 9.8 Nkg™! near the surface of
the Earth)

Ah is the height of the object above a reference point (m)

The equation for gravitational potential energy is developed from the work—
energy theorem, which assumes that work done against the force of gravity is
converted into potential energy.

AE =W =Fs

where AE is the change in gravitational potential energy (J)
W is the work done (J)
F is the force of gravity (IN)
s is the distance moved in the gravitational field (m)
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Worked example 4.3.1
WORK DONE FOR A CHANGE IN GRAVITATIONAL POTENTIAL ENERGY

A mountaineer climbs from a height of 700m above sea level to the top of
Mount Everest, which is 8848 m above sea level.

The total mass of the mountaineer (with equipment) is 100kg. Assuming
that the gravitational field strength of the Earth (g) is 9.8 Nkg™, calculate the
amount of work done (in MJ) by the mountaineer in climbing to the summit
of the mountain. Assume that g is 9.8 Nkg! and give your answer to two
significant figures.

Thinking Working

Calculate the change in height. Ah=8848-700
=8148m

Substitute appropriate values into E, = mgAh

E, = mgAh. Remember to give your —100x9.8x8148

answer in MJ to two significant )

figures. =7985040
=8.0MJ

The work done by the mountaineer W=AE=80MJ

is equal to the change in

gravitational potential energy.

Worked example: Try yourself 4.3.1
WORK DONE FOR A CHANGE IN GRAVITATIONAL POTENTIAL ENERGY

Calculate the work done (in MJ) to lift a weather satellite of 3.2tonnes from the
Earth’s surface to the limit of the atmosphere, which ends at the Karman line
(exactly 100km up from the surface of the Earth). Assume that g = 9.8 Nkg.

Gravitational, kinetic and mechanical energy

Gravitational potential energy calculations are important because, when combined
with the concepts of kinetic energy and conservation of mechanical energy, they
allow the speed of a falling object to be determined.

Recall that kinetic energy can be defined as follows.
E = 1 mo’
2

where E, is the kinetic energy of an object (])
m is the mass of the object (kg)
v is the speed of the object (ms™)
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Worked example 4.3.2
SPEED OF A FALLING OBJECT

An astronaut standing on the Moon dropped a hammer of mass of 450g from a
height of 1.4 m. Calculate the speed of the hammer as it hit the Moon’s surface,
where g = 1.6 Nkg.
Thinking Working
Calculate the gravitational potential E, = mgAh
energy of the hammer on the Moon. —045x16x14
Change the units of measurement ' ' '
where necessary. =10J
Assume that when the hammer E,=E,=1.0J
hit the surface of the Moon, all its
gravitational potential energy had
been converted into kinetic energy.
Use the equation for kinetic energy £ 1,
to calculate the speed of the k= Emv
hammer as it hit the ground. 1
10= §><O.45><v2
» 1.0x2
0.45
v=2.1ms"

Worked example: Try yourself 4.3.2
SPEED OF A FALLING OBJECT

Calculate how fast a 450g hammer is going as it hits the ground after being
dropped from a height of 1.4 m on the Earth, where g =9.8 Nkg.

Work in a non-constant gravitational field

The equation E, = mgAh assumes that work is done against a constant force
of gravity: AE = W = Fs. While this assumption holds true for objects close to
the surface of a planet, it is not adequate for objects such as satellites at altitudes
where the gravitational field of the planet is significantly reduced.

Newton’s law of universal gravitation indicates that the strength of the Earth’s
gravitational field changes with altitude: the field is stronger closer to the ground
and weaker at higher altitudes (Figure 4.3.3).

Consider the example of a 10kg meteor falling towards the Earth from deep space
(Figure 4.3.2). As the meteor gets closer to the Earth, it encounters an increasing
gravitational field strength. So the gravitational force, F,, on the meteor increases as
it approaches the Earth. Since the force is not constant, the work done on the meteor
(which corresponds to the change in its gravitational potential energy) cannot be
found by simply multiplying the gravitational force by the distance travelled.

e
3
o
el m
5

FIGURE 4.3.2 As a meteor approaches the Earth, it moves through a gravitational field of increasing
strength and so is acted upon by a greater gravitational force.

FIGURE 4.3.3 The Earth’s gravitational field
extends out into space, and the field is stronger
closer to the Earth (where the field lines are
closer together).

PHYSICSFILE

Hammer drop

A variation of the hammer drop
experiment outlined in Worked
example 4.3.2 was used to show that a
hammer and a feather would fall at the
same speed and land simultaneously
on the Moon’s surface. The theory
behind the experiment had been well
understood since the time when Galileo
concluded that all objects, no matter
their mass, fall at the same rate. The
only reason the hammer and feather
fall at different rates on the Earth is
because of the presence of resistive
forces in the air. The Moon was the
perfect place to test the theory due to
the environment being essentially a
vacuum.

Apollo 15 astronaut David Scott
simultaneously drops a hammer and a
feather from the same height while standing
on the Moon
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The area under a gravitational force

vs distance graph gives the change in
energy that an object will undergo as it
moves through the gravitational field.

Gravitational force vs distance
from the centre of the Earth

r=64x10°m |

area = energy change (J)

0

1.0 2.0 3.0 4.0

Distance from the centre of the Earth (x 10’ m)
FIGURE 4.3.4 The gravitational force acting

onal

Okg meteor at different distances from

the Earth. The shaded region represents the
work done by the gravitational field as the body
moves between 2.0 x 10’m and 1.0 X 10’m

from t

he centre of the Earth.
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Using the force vs distance graph

When a freefalling body, such as the meteor in Figure 4.3.2 on the previous page,
is acted upon by a varying gravitational force, the body’s change in energy can
be analysed using a gravitational force vs distance graph. As with other force vs
distance graphs, the area under the graph is equal to the work done, that is, the
change in the energy of the body. The area under the graph has units of newton
metres (N'm), which are equivalent to joules (J).

The shaded area in Figure 4.3.4 represents the decrease in gravitational potential
energy of the 10kg meteor as it falls from a distance of 2.0 X 10’m to 1.0 X 10’m
from the centre of the Earth. This area also represents the amount of kinetic energy
that the meteor gains as it approaches the Earth.

Note that the energy change of the meteor will be the same regardless of whether
the meteor falls directly towards the planet (Figure 4.3.5(a)) or follows an indirect
path (Figure 4.3.5(b)).

@) gt (b) PP

FIGURE 4.3.5 Two freefall situations: (a) direct and (b) indirect. The shaded region below the
gravitational force vs distance graph in Figure 4.3.4 represents the change in energy in both situations.

Worked example 4.3.3 shows how a force vs distance graph can be used to
determine the change in gravitational potential energy of a meteor.

Worked example 4.3.3

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING
A FORCE VS DISTANCE GRAPH

A 10kg meteor falls from a distance of 2.0 x 10’m to 1.0 x 10’m as measured
from the centre of the Earth. Use the graph below to determine the approximate
change in gravitational potential energy of the meteor.

Gravitational force vs distance from
the centre of the Earth

100 - ===

j Ty ='6.4 X 10°m

a?rea = enérgy change J)

Gravitational force (N

~
(e}
|

T T T T
1.0 2.0 3.0 4.0
Distance from the centre of the Earth (X 107 m)
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Thinking Working

Count the number of shaded squares. (In this example, | number of shaded

count the partially shaded squares as half squares.) squares = 2

Calculate the area (energy value) of each square. Equare = 0.5 % 107 x20
=1x10%J

To calculate the change in energy, multiply the AE, =2 ><(1>< 108)

number of shaded squares by the energy value of

each square. =2x10%J

Worked example: Try yourself 4.3.3

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING
A FORCE VS DISTANCE GRAPH

A 500kg lump of space junk is plummeting towards the Moon. It falls a distance
of 1.0 x 10°m and then strikes the surface of the Moon. Using the diagram

and the force vs distance graph shown, determine the approximate decrease in
gravitational potential energy of the space junk as it hits the Moon’s surface.

Gravitational force vs distance
from the centre of the Moon

m =500 kg
y=250ms! 900 :
A\,
3 N
8 5¢
~(_; § 600 .
c = i o . .
Sg N : Gravitational field strength vs
e SN distance
S o 300 -
O c
(G} (o]
1.5 2.0 2.5 3.0
1{.}7 2{}7 g
Distance from the centre vy
1.7 x 10°m of the Moon (x 10° m) Z,
o

area = energy change

USING THE GRAVITATIONAL FIELD STRENGTH VS &y
per kg (J kg™)

DISTANCE GRAPH

The change in gravitational potential energy of an object at different distances

from the centre of a gravitational field can also be determined from a graph of the Distance (m)

gravitational field strength (Figure 4.3.6). FIGURE 4.3.6 A gravitational field strength vs
The area under a gravitational field strength vs distance graph is a quantity  distance graph can also be used to determine

with units Nkg' x m, which is equivalent to Jkg™!, so the area indicates the change  the change in energy as a body moves through

in energy for each kilogram of the object’s mass. To find the work done or energy  a gravitational field.

change (J), the area (Jkg™') must therefore be multiplied by the mass (kg) of the

object. 0 The area under a gravitational field
Worked example 4.3.4 on the next page shows how to use a gravitational field strength vs distance graph gives the
strength vs distance graph to determine the change in gravitational potential energy energy change per kilogram of mass.

To find the change in energy, the area
must be multiplied by the mass of the
object in kg.

of an object.
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Worked example 4.3.4

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING A GRAVITATIONAL
FIELD STRENGTH VS DISTANCE GRAPH

A wayward satellite of mass 1500kg has developed a highly elliptical orbit around
the Earth. At its closest approach (perigee) it is just 500km above the Earth’s
surface. Its furthest point (apogee) is 3000 km from the Earth’s surface. Using
the graph below, determine the approximate change in the gravitational potential
energy of the satellite as it orbits. (Take the radius of the Earth to be 6400km.)

Gravitational field strength vs distance from
the centre of the Earth

£12.0 -

Z

= 10.0

*6'0 1}

5 8041 —

3 6.0+

2

= 40

©

C

2 20+

g S|

Z 00 }

G 6.0 7.0 8.0 9.0 10.0

E
Distance from the centre of the Earth (X 10° m)

Thinking Working
Count the number of shaded squares. Only number of shaded
count squares that are at least 50% shaded. squares = 82
Calculate the energy value of each square. E =0.2x10° x1Nkg™

square

=2x10° Jkg™

To calculate the change in energy multiply the AE =82 X(g % 105)>< 1500
number of shaded squares by the energy value ¢ 0
of each square and the mass of the satellite. =25x107J

Worked example: Try yourself 4.3.4

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING A GRAVITATIONAL
FIELD STRENGTH VS DISTANCE GRAPH

A 3000kg Soyuz rocket moves from an orbital height of 300km above the Earth’s
surface to dock with the International Space Station at a height of 500km. Using
the graph below, determine the approximate change in the gravitational potential
energy of the rocket.

Gravitational field strength vs altitude for the Earth

11.0
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804 |
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4.3 Review

» The principles of work and the conservation of
energy are useful for understanding gravitational
potential energy. The following equations are
particularly useful.

W=Fs
W =AE
Ek=%mv2

» The gravitational potential energy equation
E, = mgAh assumes that the Earth’s gravitational
field is constant. This is approximately true for
objects that are within a few kilometres of the
Earth’s surface.

KEY QUESTIONS

Knowledge and understanding

1 Each year, there is a stair-climb competition from the
ground floor of the Eureka Tower in Melbourne to its
eighty-eighth floor, which is 285 m above ground level.
Calculate the work done against gravity by a 75kg
competitor as they race up to the eighty-eighth floor.

2 Consider a rocket of mass 2000t launched from the
Earth. After firing its stage 1 rockets it had reached an
altitude of 70km. Assuming that g is 9.8 Nkg! over
this distance, how much work did the stage 1 rockets
do in this time?

3 The gravitational field strength at the surface of Mars
is 3.7Nkg!. Calculate the speed at which a 1.5kg rock
hits the surface of the planet if it falls from a height
of 2.2m.

4 The path of a meteor plunging towards the Earth is as
shown. (Ignore air resistance when answering these
questions.)

The strength of the Earth’s gravitational field
decreases as altitude increases.

The area under a gravitational force vs distance
graph gives the change in kinetic energy or change
in gravitational potential energy of a body. It also
indicates the work done by the gravitational field.
The area under a gravitational field strength vs
distance graph gives the change in energy per
kilogram (Jkg™) of the object. To calculate the
energy change, the area is multiplied by the mass of
the object (kg).

a Describe, qualitatively, how the gravitational field
strength of the Earth changes from point A to

point D.

b How will the acceleration of the meteor change as it
travels along the path shown?

¢ For each of the following, decide how the energy
described will change. Select the correct response
to complete the sentence.

i The kinetic energy of the meteor as it travels from
A to D will increase/decrease/stay the same.

ii The gravitational potential energy of the meteor
as it travels from A to D will increase/decrease/
stay the same.

iii The total energy of the meteor as it travels from
A to D will increase/decrease/stay the same.

Analysis
5 The Valles Marineris on Mars is one of the most

spectacular land formations in the solar system. It is a
gigantic canyon 4000km long, 200 km wide and 7 km
deep.

a If a 600g rock on the edge of the canyon drops to
the canyon’s floor 7000 m below, how fast would it
be going when it hit the bottom? The gravitational
field strength on Mars is 3.7 Nkg™.

b If the same rock was to fall to the deepest point of
the Grand Canyon in Arizona, USA, it would reach
a speed of 189 ms! (if air resistance is ignored).
How deep is this point in the Grand Canyon? (Use
g=98Nkg)

continued over page
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4.3 Review continued

6 The graph shows the force on a mass of 1.0kg as a
function of its distance from the centre of the Earth.
Assume that the radius of the Earth is 6.4 x 106 m.

Force as a function of distance

from the centre of the Earth
10 -

Force (N)

T T T T
6.0 7.0 8.0 9.0 10.0
Distance from the centre of the Earth (X 10° m)

a Use the graph to determine the gravitational force
between the Earth and a 1.0kg mass 100km above
the Earth’s surface.

b Use the graph to determine the height above
the Earth’s surface at which a 1.0kg mass would
experience a gravitational force of 5.0N.

A 1.0kg mass is speeding towards the Earth. When it

is at a distance of 9.5 x 10°m from the centre of the

Earth, its speed is 4.0kms.

¢ Determine the kinetic energy of the object when it
is 9.5 x 10°m from the centre of the Earth.

d Calculate the increase in kinetic energy of the
object as it moves from a distance of 9.5 x 10°m
from the centre of the Earth to a point that is
6.5 x 10°m from the centre.

e lIgnoring air resistance, what is the kinetic energy of
the object when it is 6.5 x 108m from the centre of
the Earth?

f How fast is the object travelling when it is
6.5 x 10°m from the centre of the Earth?

1
1
1
1
1
1
1
1
1
1
1
1
X 0
1
1
1
1
1
1
1
1
1
1
1
1
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A communications satellite of mass 240kg is
launched from a space shuttle that is in orbit 600 km

above the Earth’s surface. The satellite travels directly

away from the Earth and reaches a maximum
distance of 8000km from the centre of the Earth
before stopping due to the influence of the Earth’s
gravitational field.

a Use the graph in question 6 to estimate the kinetic

energy of this satellite as it was launched.
b An identical satellite is launched from the Earth’s
surface. Rockets do 2.64 x 10°J of work to launch

the satellite. To approximately what altitude was the

satellite launched?

A 20t remote-sensing satellite is in a circular orbit
around the Earth at an altitude of 100km. The

satellite is moved to a new stable orbit with an altitude

of 2600km. Use the following graph to estimate the
increase in the gravitational potential energy of the
satellite as it moved from its lower orbit to its higher
orbit.
Gravitational field strength as a
function of distance
10

Gravitational field strength (N kg™)

0

6.0 7.0 8.0 9.0 10.0
Distance from the centre of the Earth (x 10° m)



Chapter review

KEY TERMS

acceleration due to gravitational field inverse square law
gravity gravitational field Newton’s law of

altitude strength universal gravitation

field gravitational force normal force

field lines gravitational potential uniform

gravimeter energy

gravitational constant

REVIEW QUESTIONS

Knowledge and understanding 7 Calculate the acceleration due to gravity on the surface
of Mars given that it has a mass of 6.4 x 102kg and a

1 Use Newton’s law of universal gravitation to radius of 3400 km.

calculate the gravitational force acting on a person

with a mass of 100kg. 8 Calculate the normal force acting on a 50kg person in a
Me, = 5.98 x 10%4kg lift under the following circumstances.
Fearn = 6370km a The lift is accelerating downwards at 0.6 ms=2.

2 The gravitational force of attraction between Saturn g ;%enllfst?is TRGHITNE COUTIHEITES 21 @ GOnEiEl: SEeeel of
and Dione, a moon of Saturn, is 2.79 x 10%°N. ' '
Calculate the orbital radius of Dione. 9 During a space mission, an astronaut of mass 80kg
Mpiene = 1.05 x 1021 kg initially accelerates at 30 ms= upwards, then travels in a
My = 5.69 x 10%6kg stable circular orbit at an altitude where the gravitational

field strength is 8.2Nkg.

a What is the normal force acting on the astronaut
during lift-off?

b Calculate the normal force acting on the astronaut

3 Two bodies, one of mass 2.0 x 10*kg and the other
of mass 2.0 x 103kg, exert a gravitational force of
1.0 x 103N on each other. How far apart are their

?
cen"[res. . during the orbit phase.

4 Jupiter and the Sun exert gravitational forces on ¢ What is the force due to gravity on the astronaut
each other. during the orbit phase?

a Compare, qualitatively, the force exerted on
Jupiter by the Sun to the force exerted on the
Sun by Jupiter. o A

b Compare, qualitatively, the acceleration of
Jupiter caused by the Sun to the acceleration of
the Sun caused by Jupiter.

5 A planet in a distant solar system is known to exert oB

a force of 2.1 x 102N on its closest star. Calculate

the acceleration of the star due to this force given

that m,, = 1.0 x 103%kg. a Redraw the diagram to indicate the direction of the
Moon’s gravitational field. Draw at least 8 field lines.

b At which point, A or B, is the gravitational field strength
strongest? Justify your answer.

10 The following is a diagram of the Moon.

6 A comet of mass 1000kg is plummeting towards

Jupiter. Jupiter has a mass of 1.90 x 10%” kg and

a radius of 7.15 x 107 m. If the comet is about to

crash into Jupiter, calculate the:

a magnitude of the gravitational force that Jupiter
exerts on the comet

b magnitude of the gravitational force that the
comet exerts on Jupiter

¢ acceleration of the comet towards Jupiter

d acceleration of Jupiter towards the comet.
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11

12

13

14

15

16

17

An experiment is conducted with a spring balance on

the surface of Mars. The experiment shows that an

object experiences a force of 1.86N due to gravity.

a What is the mass of the object if the gravitational
field strength at the surface of Mars is 3.72Nkg!?

b What is the mass of the same object on the Earth?

A set of bathroom scales is calibrated so that when the
person standing on it experiences a force of 700N due
to gravity, the scales read 71.4 kg. What gravitational
field strength has been assumed in this setting? Give
your answer to 2 decimal places.

A hypothetical planet is a flattened sphere. Its radius
at the poles is 4750 km compared to 4800km at the
equator. The planet’s mass is 4.00 x 10?*kg.
a Calculate the planet’s gravitational field strength at
the equator. Give your answer to 2 decimal places.
b Calculate how much stronger the gravitational field
would be at the planet’s poles compared with the
equator. Give your answer as a percentage of the
strength at the equator. Express your answer to
2 decimal places.

Neptune has a radius of 2.48 x 10’ m and a mass of

1.02 x 10%°kg.

a Calculate the gravitational field strength on the
surface of Neptune.

b A 250kg lump of ice is falling directly towards
Neptune. What is its acceleration as it nears the
surface of Neptune? Ignore any drag effects.

Calculate the distance from the Sun (which has a

mass of 1.99 x 10%°kg) at which an astronaut would
experience the same gravitational field strength as they
experience at the Earth’s surface (that is, 9.8 Nkg™?).

A person standing on the surface of the Earth
experiences a gravitational force of 900N. What
gravitational force will this person experience at a
height of two Earth radii above the Earth’s surface?

A 20kg rock is speeding towards Mercury. The
following graph shows the force on the rock as a
function of its distance from the centre of the planet.
The radius of Mercury is 2.4 x 106m.

Force as a function of distance
from Mercury

60

40

Force (N)

20

0 T T T I I
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Distance (X 10° m)
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When the rock is 3.0 x 10°m from the centre of the
planet, its speed is estimated to be 1.0kms-!. Using the
graph, estimate the:
a increase in the rock’s kinetic energy as it moves to a
point that is 2.5 x 10°m from the centre of Mercury
kinetic energy of the rock at this closer point
speed of the rock at this point
d gravitational field strength at 2.5 x 10°m from

the centre of Mercury.

o T

Application and analysis
18 According to the inverse square law, gravitational

acceleration decreases as altitude above the Earth

increases, as shown in the graph below. The blue

line on the graph gives the value of gravitational

acceleration (g) at various altitudes (h).

a Determine from the graph the approximate altitude
at which the gravitational field strength will be
3.5Nkg™.

b Using the graph, compare the strength of the
gravitational field at ground level with that at an
altitude of 6500 km. Predict what the difference
would be using the inverse square law. Is this
prediction supported by the graph?

Graph of gravitational acceleration
at different altitudes

g (Nkg™)

—_
S

0 5 10 15 20 25 30 35 40
B (x 10° m)

S = D W A LN 3 © O

19 Two stars of masses M and m are in orbit around

each other. As shown in the following diagram, they
are a distance R apart. A spacecraft located at point
X experiences zero net gravitational force from these

stars. Calculate the value of the ratio %

0.8R



20 Two identical satellites orbit the Earth at altitudes r and
2r, where r is the radius of the Earth.
a How does the force due to gravity acting on each of
the satellites compare?
b How does the value of g at the site of each satellite
compare?
21 The graph below shows the gravitational field at various
distances above the Earth’s surface. A wayward satellite
of mass 2000kg is drifting towards the Earth.

Gravitational field strength as a function
\ of height above the Earth's surface

e semeea

—
o
| oy

T 9

N
|

Gravitational field strength
(N kg™

[
T T T T -

0 2 4 6 8 10
Height above the Earth's surface (x 10° m)

a What is the gravitational field strength at an altitude
of 500 km?

b What quantities are represented by the shaded area
on the graph?

¢ How much kinetic energy does the satellite gain
as it travels from an altitude of 500 km back to the
surface of the Earth?

d In reality, would the satellite gain the amount of
kinetic energy that you have calculated in part ¢?
Justify your answer.
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CHAPTER

5 Electric and magnetic fields

In 1820, Hans Christian Oersted discovered that an electric current could produce
a magnetic field. His work established the initial ideas behind electromagnetism.
Since then, our understanding and application of electromagnetism has developed
to such an extent that much of our modern way of living relies upon it.

In this chapter you will investigate electric and magnetic fields, the concepts
that apply to each, and some of the interactions between these closely related
phenomena.

Key knowledge

» describe gravitation, magnetism and electricity using a field model 5.1, 5.3

+ investigate and compare theoretically and practically gravitational, magnetic
and electric fields, including directions and shapes of fields, attractive and
repulsive effects, and the existence of dipoles and monopoles 5.1, 5.3, 5.5
investigate and compare theoretically and practically gravitational fields
and electrical fields about a point mass or charge (positive or negative) with
reference to:

the direction of the field 5.1, 5.5
the shape of the field 5.1, 5.5

the use of the inverse square law to determine the magnitude of the
field 5.2, 5.5

potential energy changes (qualitative) associated with a point mass or
charge moving in the field 5.1, 5.5

investigate and apply theoretically and practically a field model to magnetic
phenomena, including shapes and directions of fields produced by bar
magnets, and by current-carrying wires, loops and solenoids 5.3

identify fields as static or changing, and as uniform or non-uniform
5.1,5.3,5.5

analyse the use of an electric field to accelerate a charge, including:

- electric field and electric force concepts: £ = k% and F = k% 5.2

— potential energy changes in a uniform electric field: W =qV, E = g 5.1

— the magnitude of the force on a charged particle due to a uniform electric
field: F=qgE 5.1
analyse the use of a magnetic field to change the path of a charged particle,
. including:
— the magnitude and direction of the force applied to an electron beam
by a magnetic field: F = qvB, in cases where the directions of v and B are
perpendicular or parallel 5.4




describe the interaction of two fields, allowing that electric charges, magnetic
poles and current carrying conductors can either attract or repel, whereas
masses only attract each other 5.5

investigate and analyse theoretically and practically the force on a current
carrying conductor due to an external magnetic field, F = nliB, where the
directions of I and B are either perpendicular or parallel to each other 5.4
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5.1 Electric fields

A field is a region of space where objects experience a force due to a property
of that field. Gravity, electricity and magnetism can all be described by fields. In
Chapter 4, the direction, shape and strength of gravitational fields around a mass
were described. In this section the electric field will be explained.

An electric field surrounds positive and negative charges and exerts a force on
other charges within the field. Just as a gravitational field can be represented by field
lines, so can the electric field around a charged object (Figure 5.1.1).

There are four fundamental forces in nature that act at a distance; that is, they
can exert a force on an object without making any physical contact with it. These
are called non-contact forces. They are the strong nuclear force, the weak nuclear
force, the electromagnetic force and the gravitational force.

In order to understand these forces, scientists use the idea of a field. A field is a
region of space around an object that has certain properties, such as electric charge
or mass. Another object with that same property in the field will experience a force
without any contact between the two objects.

For example, there is a gravitational field around the Earth due to the mass of
the Earth. Any object with mass that is within this gravitational field experiences a
force of attraction towards the Earth. According to Newton’s third law, there is also
an equal and opposite force due to the gravitational field of the object. For example,
the gravitational field of the Earth exerts a force on a skydiver (Figure 5.1.2) and
the gravitational field of the skydiver exerts a force on the Earth.

11 |l ~

FIGURE 5.1.2 As described by Newton's third law, the gravitational field of the Earth exerts a force on
a skydiver and the gravitational field of the skydiver exerts a force on the Earth.

Similarly, any charged object has a region of space around it (an electric field)
where another charged object will experience a force. However, unlike gravity,
which only exerts an attractive force, electric fields can exert forces of attraction or
repulsion.

FIGURE 5.1.1 Charged plasma follows lines of
the electric field produced by a Van de Graaff
generator.
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Remember: like charges repel and
unlike (opposite) charges attract.

ELECTRIC FIELD LINES

An electric field is a vector quantity: it has both direction and strength.

In order to visualise electric fields around charged objects you can use electric
field lines. Some field lines are already visible—for example, the girl’s hair in
Figure 5.1.3 is tracing out the path of electric field lines. Diagrams of electric field
lines can be constructed, just as they can for gravitational fields.

FIGURE 5.1.3 The girl’s hair follows the lines of the electric field produced when she became charged
while sliding down a plastic slide.

Field lines are drawn with arrowheads on them indicating the direction of the
force that a small positive charge would experience if it were placed in the electric
field. (This small charge is known as a positive test charge). Therefore field lines
point away from positively charged objects and towards negatively charged objects.
Usually only a few representative lines are drawn.

The density of field lines (that is, how close they are together) is an indication
of the relative strength of the electric field. This is explained in more detail later in
this section.

Rules for drawing electric field lines

When drawing electric field lines in two dimensions around a charged object, there

are a few rules that need to be followed.

* Electric field lines go from positively charged objects to negatively charged objects.

* Electric field lines start and end at 90° to the charged surface, with no gap
between the lines and the surface.

* Field lines can never cross; if they did it would indicate that the field is in two
directions at that point, which can never happen.

* Around small charged spheres, called point charges, the field lines radiate like
spokes on a wheel.

* Around point charges you should draw at least eight field lines: top, bottom, left,
right and another field line in between each of these.

* Between two point charges, the direction of the field at any point is the resultant
field vector determined by adding the field vectors due to each of the two point
charges.

* Between two oppositely charged parallel plates, the field lines between the plates
are evenly spaced and are drawn straight from the positive plate to the negative
plate.

Note that field drawings are two-dimensional representations of a three-
dimensional field.
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Figure 5.1.4 provides some examples of how to draw electric field lines.

a single positive charge +

two positive
charges

a positive and a
negative charge

+ + + 4+ +++++++ + +

parallel oppositely
charged plates

FIGURE 5.1.4 Grass seeds suspended in oil align themselves with an electric field. The diagram next
to each photo shows lines representing the electric field.

Strength of the electric field

The distance between adjacent field lines indicates the strength of the field. Around
a point charge the field lines are closer together near the charge and further
apart the further you move away. You can see this in the field-line diagrams in
Figure 5.1.4. Therefore the electric field strength decreases as the distance from
a point charge increases.

A uniform electric field is established between two parallel metal plates that are
oppositely charged. The field strength is constant at all points within a uniform
electric field, so the field lines are parallel.

FORCES ON FREE CHARGES IN ELECTRIC FIELDS

If a charged particle, such as an electron, is placed in an electric field, it experiences
a force. The direction of the field and the sign of the charge allow you to determine
the direction of the force.

Figure 5.1.5 shows a positive test charge (a proton) and a negative test charge
(an electron) in a uniform electric field. Recall that the direction of an electric field
is defined as the direction of the force that a positive test charge would experience
in that field. Thus an electron will experience a force in the opposite direction to the
electric field, while a proton will experience a force in the same direction as the field.

CHAPTER 5 | ELECTRIC AND MAGNETIC FIELDS
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Sharks and electric fields

Sharks have special sensory organs
called electroreceptors. These
electroreceptors help them sense
electric fields in the water. Small
electric fields are produced by muscle
contractions in living creatures,
including the creatures sharks prey
on. Sharks may be able to detect
prey by the electric field these muscle
contractions create.

Sharks are able to hunt their prey using
electroreceptors.

(S] E
I

FIGURE 5.1.5 The direction of the electric field
(E) indicates the direction in which a force
would act on a positive charge. A negative
charge would experience a force in the opposite
direction to the field.
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The magnitude of the force experienced by a charged particle due to an electric
field can be determined using the following equation.

F=qE

where F is the force on the charged particle (N)
q is the charge of the object experiencing the force (C)
E is the strength of the electric field N C™)

This equation states that the force experienced by a charge is proportional to
the strength of the electric field, E, and the size of the charge, ¢. The force on a
charged particle will cause the particle to accelerate in the field. This means that
the particle could increase or decrease its velocity while in the field. It could also
change its direction.

To calculate the acceleration of a charged particle due to the force experienced,
you can use the equation from Newton’s second law: F = ma.

You may notice some similarities between the equations IF = ¢FE and F = mg.
Both equations describe the force on an object in a field. The first equation is for a
charge in an electric field and the second is for a mass in a gravitational field. In the
electric field equation, ¢ is substituted for m and E for g.

Worked example 5.1.1
USING F = gE

Calculate the magnitude of the uniform electric field that would cause a force of
5.00 x 10*'N on an electron. Assume that g, =-1.6 x 10"°C.

Thinking Working
Rearrange the relevant equation F=qE
to make electric field strength the F
subject. E= q

Substitute the values for F and g into E_

the rearranged equation and solve for - E

gc(aAs gzl;lgct):ﬁi\zza)gmtude is required, _ 500% 102
' ~ 16x107"

=3.1x102NC™

Worked example: Try yourself 5.1.1
USING F=qE

Calculate the magnitude of the uniform electric field that creates a force of
9.00 x 107N on a proton. Assume that g, =+1.6 x 10"°C.
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CASE STUDY .\ VAR €955

Gravitational force and electric force

Oppositely charged parallel plates can be arranged one
above the other. The electric field between them is vertical.
The direction of the field can then be manipulated to
create an upwards force on a charged particle in the field.
If the electric force created by the field on the charged
object is equal to the gravitational force on the object, then
these two forces will balance each other, resulting in a net

fundamental charge of an electron to within 1% of the
currently accepted value.

Analysis

In his experiment, Millikan used known properties of the
oil and drag forces to find the mass of an electron. He
then used this to calculate the charge. Millikan determined
that the charge on an electron was 1.6 x 10'°C (to 2

force of zero. This means that the charged object will be
suspended between the plates.

This phenomenon was used by Robert Millikan and his
PhD student Harvey Fletcher in their oil drop experiment
performed in 1909. The experiment determined the

significant figures). Assume that the oil drop was
suspended by an electric field of strength 80 x 10°NC™.
Using these values, determine the value for the mass of an
electron that Millikan must have used in his calculations.
Provide your answer in grams.

WORK DONE IN UNIFORM ELECTRIC FIELDS

Electrical potential (17) is a form of energy that is stored in an electric field. Work
is done on an electric field when a charged particle is forced to move in the field.
Conversely, when the electric field moves a charged particle, work is done on the
charged particle.

Electrical potential (1) is defined as the work required per unit charge
to move a positive point charge from infinity to a place in the electric field. The
electrical potential at infinity is defined as zero. This definition leads to the following
equation.

=
q

W =ql/

where W is the work done on a positive point charge or on the field (J)
q is the charge of the point charge (C)
IV is the electrical potential (JC™) or volts (V)

This equation can also be derived using electric field strength. Electric field
strength can be thought of as the force applied per coulomb of charge. It is

expressed by the equation:
F
E=—
q
An alternative measure of the electric field strength is volts per metre, which is
calculated using the equation:
E = K
d
where d is the distance in metres between points that are parallel to the field.

You can equate both expressions and rearrange them to find an expression for
the work done (J) to make a charged particle move a distance against a potential

difference:
F VvV
q d
Fd = qV and since W = Fd
W =qV
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v+ + + + <+ + +] Consider two parallel plates in which the positive plate is at a potential (/) and
the other plate is earthed, which is defined as zero potential (Figure 5.1.6). The
difference in potential between these two plates is called the electrical potential
difference (7).
Between any two points in an electric field (E) separated by a distance (d) that is
V=0| l}_ parallel to the field, the potential difference is defined as the change in the electrical
potential between these two points (Figure 5.1.7).

FIGURE 5.1.6 The potential of two plates when

one has a positive potential and the other is 1%
earthed E=—
d
V =Ed
vi+ + + + + + +] where Vis the difference in electrical potential (V)
3 T 3 T E is the electrical field strength (Vm™)
! ? v E d is the distance between points that are parallel to the field (m)

)

AV |A
|

Sometimes the equation for the electric field strength is given in the form

o N gV
E= e In this version of the equation, the electric field is always from the higher

FIGURE 5.1.7 The potential difference between potential (V;) towards the lower potential (V,), so that the change in potential

two points in a uniform electric field difference (V' = V; - V)) becomes a negative value. For example, if ;= 15V and
V;=0V, V=0-15=-15V. However, in this book, the potential, V, is given as the
magnitude of the potential difference and so it is always a positive value. Thus the
potential difference in the example just given would be 15V.

CALCULATING WORK DONE

By combining two of the equations mentioned previously, you can derive an
equation for the work done on a point charge to move it a distance across a potential
difference.

W =qV and IV = Ed

W =qEd

where W is the work done on the point charge or on the field (J)
q is the charge of the point charge (C)
E is the electrical field strength (Vm™ or NC™)

d is the distance the charged particle is forced to move in the electric
field (m)

If the equation W= ¢Vis written in the form W= gEd, it is similar to the equation
for gravitational potential energy (E, = mgh), where the mass () is similar to the
charge of the object experiencing the force (g), the strength of the electric field (E)
is similar to the standard gravitational acceleration on the surface of the Earth (g)
and the height (%) is similar to the distance (d).

Work done by or on an electric field

Vi+ + + + + + +|

+ D49, When calculating work done, which changes the electrical potential energy,

d, | 5 remember that work can be done either:

equ iz & — s * by the electri.c field on a ch.arged obje.ct or

5 * on the electric field by forcing the object to move.
V=0 |3_ You need to examine what is happening in a particular situation to know how
= the work is being done.

FIGURE 5.1.8 Work is being done on the field by For example, if a charged object is moving in the direction it would naturally
moving g, and work is being done by the field tend to go in an electric field, then work is done on the object by the field. So when

on g,. No work is done on g, since it is moving

perpendicular to the field a positive charge is moved in the direction of the electric field, the electric field has

done work on the charge. (An example is g, in Figure 5.1.8.)
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When work is done by a charged object on an electric field, the object is forced to
move against the direction it would naturally go. Work has been done on the field by
forcing the object to move. For example, if a force causes a positive charge to move
towards the positive plate within a uniform electric field, work has been done on
the electric field by forcing the object to move. (An example is ¢, in Figure 5.1.8.)

If a charge doesn’t move any distance parallel to the field, then no work is done
on or by the field. (An example is ¢, in Figure 5.1.8.)

Worked example 5.1.2
WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD

A student sets up two parallel plates. One plate is at a potential of 12.0V and
the other plate, which is earthed, is positioned 0.50 m away. Calculate the
work done to move a proton a distance of 10.0cm towards the negative plate.
Assume that g, = +1.6 x 107°C.

In your answer identify what does the work and what the work is done on.

Thinking Working
Identify the variables presented in the V,=12.0V
problem needed to calculate the electric field |  — oy
strength, E. d=050m
Use the equation E = % to determine the E= v
electric field strength. d
_120-0
~ 050
=24Vm™

Use the equation W = gEd to determine the W = qEd
work done. Note that d here is the distance —16x%x101%24%0.10
that the proton moves.

=3.8x10"J
Determine if work is done on the charge by As the positively charged
the field, or if work is done on the field by the | proton is moving naturally
charge. towards the negative plate,
work is done on the proton by
the field.

Worked example: Try yourself 5.1.2
WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD

A student sets up two parallel plates. One plate is at a potential of 36.0V and
the other plate, which is earthed, is positioned 2.00 m away. Calculate the work
done to move an electron a distance of 75.0cm towards the negative plate.
Assume that g, =-1.6 x 10°C.

In your answer identify what does the work and what the work is done on.
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5.1 Review

» An electric field is a region of space around a
charged object in which another charged object will
experience a force.

» Electric fields are represented by field lines.

» Electric field lines point in the direction of the force
that a positive charge in the field would experience.

» A positive charge experiences a force in the
direction of the electric field and a negative charge
experiences a force in the opposite direction to the
field.

+ The spacing between field lines indicates the
strength of the field. The closer the lines, the
stronger the field.

» Electric field strength can be expressed as E =g or

v

E=—.
d

* Around point charges, the electric field radiates
three-dimensionally in all directions.

» Between two oppositely charged parallel plates, the
field is of uniform strength and so the field lines are
parallel.

KEY QUESTIONS

Knowledge and understanding

1 Draw the electric field lines between a positively
charged object and a negatively charged object.

2 Draw the electric field lines between a negatively
charged top plate and a positively charged bottom
plate that is parallel to it.

3 Identify whether the rules below for drawing electric
field lines are true or false.

a Electric field lines start and end at 90° to the
surface, with no gap between the lines and the
surface.

b Field lines can cross, which indicates that the field
is in two directions at that point.

¢ Electric fields go from negatively charged objects
to positively charged objects.

d Around small charged spheres called point charges
you should draw at least eight field lines: top,
bottom, left, right and in between each of these
lines.

e Around point charges the field lines radiate like the
spokes of a wheel.

f Between two point charges the direction of the field
at any point is due to the closest of the two point
charges.

AREA OF STUDY 2 | HOW DO THINGS MOVE WITHOUT CONTACT?

When charges are in an electric field, they accelerate
in the direction of the force acting on them.

The force on a charged particle can be determined
using the equation F = gE.

Force can be related to the acceleration of a particle
using the equation F = ma.

Electrical potential energy is stored in an electric
field.

When a charged object is moved against the
direction it would naturally move in an electric field,
then work is done on the field.

When a charged object is moved in the direction

it would naturally tend to move in an electric field,
then the field does work on the particle.

The work done on or by an electric field can be
calculated using the equations W = qV or W = gEd.

g Between two oppositely charged parallel plates,
the field between the plates is evenly spaced and
is represented by straight lines drawn from the
negative plate to the positive plate.

For each of the following charged objects in a uniform
electric field, determine if work is done on the field, by
the field or if no work is done.

a An electron moves towards a positive plate.

b A positively charged point remains stationary.

¢ A proton moves towards a positive plate.

d A lithium ion (Li*) moves parallel to the plates.

e A positron moves away from a positive plate.

Calculate the force applied to a balloon carrying
a charge of 5.00mC in a uniform electric field of
2.50NC™.

Calculate the charge on a plastic disk if it experiences
a force of 0.0250N in a uniform electric field of
18.0NC™.

Calculate the acceleration of an electron in a uniform
electric field of 3.25NC™. The mass of an electron is
9.1 x 107" kg and its charge is -1.6 x 107*°C.



Analysis

8 Calculate the potential difference between two points
separated by 30.00cm, parallel to the field lines and
in an electric field of strength 4000V m™.

9 An alpha particle is between two parallel plates, one
of which is earthed. There is a uniform electric field of
34.0Vm™ between the plates.

a Calculate the work done to move the alpha
particle a distance of 1.00cm from the earthed
plate to the plate with a positive potential.
(g, =+3.204 x 10°C)

b For the situation in part a, decide whether work
was done on the field, by the field or if no work was
done.

10 A researcher sees an oil drop with a mass of
1.161 x 10*kg stationary between two horizontal
parallel plates. There is an electric field of strength
3.55 x 10*NC™! between the plates. The field
is pointing vertically downwards. Calculate how
many extra electrons are present on the oil drop.
(g.=-1.6x10"C and g=9.8Nkg™)
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FIGURE 5.2.1 Two similarly charged balloons
will repel each other by exerting a force on
each other.

PHYSICSFILE

One coulomb of charge

One coulomb of charge is a huge
amount. The amount of charge that
can be placed on an ordinary object

is a tiny fraction of a coulomb. Even a
highly charged Van de Graaff generator
will have only a few microcoulombs
(1uC = 107°C) of excess charge. To
understand how large one coulomb

is, imagine two 1 C charges 1 metre
apart. This configuration would produce
a force of 10" N—almost twice the
weight of the Sydney Harbour Bridge!

5.2 Coulomb’s law

Electricity is one of nature’s fundamental forces. It was Charles Coulomb who, in
1785, first published quantitative details of the force that acts between two electric
charges. T'he force between any combination of electrical charges can be understood
in terms of the force between two point charges separated by a certain distance
(Figure 5.2.1). The effect of distance on the strength of an electric field from a
single charge, and the force created by that field between charges, is explored in
this section.

THE FORCE BETWEEN CHARGED PARTICLES

Coulomb found that the force between two point charges (g, and ¢,) separated
by a distance (r) was proportional to the product of the two charges and inversely
proportional to the square of the distance between them, . This is another example
of an inverse square law, discussed in Chapter 4.

Coulomb’s law can be expressed as follows.

1 qgq,

- 4dre, 0
where F is the electrostatic force, i.e. the force on each charged object (N)
q, 1s the charge on one point (C)
q, 1s the charge on the other point (C)
ris the distance between the charged points (m)

£ 1s a constant known as the permittivity of free space, equal to
8.8542 x 10"*C’N"'m™ in air or a vacuum

By including the sign of each charge in the calculation, the force calculated
could be positive or negative. A positive value indicates a repulsive force and a
negative value indicates an attractive force.

For ease of calculations, Coulomb’s law is simplified by combining the unvarying
parts into a single constant known as Coulomb’s constant (k) as follows:

1

- 4re,
where 2 = 8.99 x 10°Nm’*C™ in air or a vacuum, rounded to three significant

figures.
The equation for Coulomb’s law then can be written as follows.

F=k@
r

where 2 =8.99 x 10°Nm*C™

The electric force between the two charges is similar to the gravitational force
mlm2
72

between two masses (F, =G ), where the two masses (m, and m,) are similar

to the charges (g, and ¢,) and the gravitational constant (G) is similar to Coulomb’s
constant (k). In both cases the force is inversely proportional to the square of the
distance between the two objects.
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Worked example 5.2.1
USING COULOMB’S LAW TO CALCULATE CHARGE

Two small positive point charges with equal charge are separated by 1.25cm
in air. Calculate the charge on each point charge if there is a repulsive force of
6.48 mN between them. Assume that k = 8.99 x 10°Nm?C™=

Thinking Working
Convert the variables to Sl units. F=6.48 x 103N
r=125x10%m
State Coulomb’s law. F= k%
=k=3
Substitute the values for F, r and k Fr?
into the equation and calculate the | %192 = Tk
answer. Remember: the question 3 2y2
48x10 1.25x10
stated that the point charges are = 6.48x g 9;( 10° X )
equal and positive. JIX
=1.13x1071®

Since g, = q,:

g’ =113x107"°

q =+1.13x10"
=+1.06x10°C

g,=+1.06 x 10°C

Worked example: Try yourself 5.2.1
USING COULOMB’S LAW TO CALCULATE CHARGE

(a)
Two small point charges (g, and g,) are charged by transferring a number
of electrons from g, to g,. The point charges are separated by 12.7mm in 4, 9
air and their charges are equal and opposite. Calculate the charge on g,
and g, if there is an attractive force of 22.5uN between them. Assume that . F'=10N attractive force ,
k=899 x 10°Nm?C=. i i
(b) ! !
Factors affecting the electric force
The force between two charged points is proportional to the product of their charges. 71 4
If there is a force of 10N between two charged points (Figure 5.2.2(a)) and either

charge is doubled, then the force between them increases to 20 N (Figure 5.2.2(b)).
Note that regardless of the charge on each point, the force on each point will be the
same. If the force between two charges is 20 N, then both charges will experience - - L
the 20 N force regardless of their charge.

F =20 N attractive force E

FIGURE 5.2.2 Forces acting between two point
The force between two charged points is also inversely proportional to the  charges. (a) Two oppositely charged particles
square of the distance between them. This means that if the distance between g,  With a 10N force of attraction. (b) Charge

: . : _ q, doubles, therefore the force of attraction
and g, 1s doubled, the force on each point charge will decrease to one-quarter of the bétween q. and g, also doubles, to 20N.
previous value.
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Static electricity

Static electricity is a phenomenon you
may have experienced when you felt
an electric shock. The static shock
occurs when a material or object that
is negatively charged comes in contact
with another material or object that is
positively charged.

You may have experienced a static
shock when walking across a carpet
and then touching the handle of a
door. Static electricity is generated on
your shoes when the soles rub against
the carpet. When you touch the door
handle, the electrons are transferred to
the door handle. It is this transfer that
causes the static shock you feel.

Static electric shocks are often not
harmful. There are cases, though,
where static electricity and static
electric shocks can be dangerous or
cause damage. For example, static
shock can be powerful enough to
destroy electronic components. Anyone
working on electronic components—
during manufacturing, repair or
testing—must use antistatic devices.
These devices ensure that the wearer’s
body is electrically grounded and thus
prevent any build-up of static charge. A
commonly used device is an antistatic
wrist strap (see figure below).

When building, testing or repairing
electronic circuits, it is imperative to ensure
that no static electricity is transferred to the
electronic circuit.

THE ELECTRIC FIELD AT A DISTANCE FROM A CHARGE

In the previous section the electric field strength, E, was defined as the force applied
. F . .
per coulomb of charge, that is, E = 7 In other words, E is proportional to the force

exerted on a positive test charge and inversely proportional to the magnitude of that
charge. It is measured in N C™". It is also useful to be able to determine the strength
of the electric field at a distance from a single point charge.

The magnitude of the electric field at a distance from a single point charge is
given by the following equation.

Q

7"2

where E is the strength of the electric field around the point N C™)
Q is the charge on the point creating the field (C)

ris the distance from the charge (m)

k is Coulomb’s constant (8.99 x 10°Nm’C™)

E=*Fk

The magnitude of E determined using this formula is independent of the value
of the test charge and depends only on the charge producing the field (Q).

This equation can be derived from Coulomb’s law. It is similar to the equation

GM
> ). In both cases, the field strength (E or g)

is inversely proportional to the square of the distance from the single point charge
or mass.

Worked example 5.2.2
ELECTRIC FIELD OF A SINGLE POINT CHARGE

for gravitational field strength (g =

Calculate the magnitude and direction of the electric field at a point P that is
20cm below a negative point charge, O, of 2.0 x 10°C.

Thinking Working

0=-20x10°C

Convert the units to Sl units as

required. r=20cm=020m
Substitute the known values to find E_k 0
the magnitude of E. s
2.0x10°
=8. 100 x ————
8.99x10° x 0202
=45x10°NC™

The direction of an electric field is
defined as that acting on a positive
test charge (see Section 5.1). Point P
is below the charge.

Since the charge is negative, the
direction will be towards the charge,
i.e. upwards.

Worked example: Try yourself 5.2.2
ELECTRIC FIELD OF A SINGLE POINT CHARGE

Calculate the magnitude and direction of the electric field at a point P that is
15cm to the right of a positive point charge, Q, of 2.0 x 10°C.
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5.2 Review

« Coulomb’s law for the force between two charges, g,
and g,, separated by a distance of r is:

1 qq,

+ The magnitude of the electric field, E, at a distance r
from a single point charge, Q, is given by:

E=k Q where k=8.99 x 10°Nm?C>

f2

CArme, r?
» By using Coulomb’s constant (k) for the expression

Fgo’ Coulomb’s law can be simplified to:

F= kc’% where k =899 x 10°Nm2C2

KEY QUESTIONS

Knowledge and understanding Analysis

1 A charge of +q is placed a distance r from another 5
charge also of +qg. A repulsive force of magnitude F
is found to exist between them. Choose the correct
answer from the options in bold to describe the
changes, if any, that will occur to the force in the

A point charge of 6.50mC is suspended from a ceiling
by an insulated rod. Calculate the distance from the
point charge that a small sphere of mass 10.0g and
charge —3.45nC will be located if it is suspended in
air. Assume that k= 8.99 x 10°Nm?C™=

a If one of the charges is doubled to +2q, the force
will halve/double/quadruple/quarter and the
charges repel/attract.

b If both charges are doubled to +2q, the force will q2_=1—§.(4)15 nC
halve/double/quadruple/quarter and the charges m=10re . 4, =650mC
-

repel/attract.

c If one of the charges is changed to —2q, the force 6 Two point charges 30.0cm apart in air are charged
will halve/double/quadruple/quarter and the by transferring electrons from one point to the other.
charges repel/attract. Calculate how many electrons must be transferred

d If the distance between the charges is halved to to create an attractive force of 1.0N. Assume that
0.5r, the force will halve/double/quadruple/quarter k=899 x 10°Nm?C?and g,=-1.6 x 107*°C.
and the charges repel/attract. 7 A photocopy machine is one application of the

A point charge, Q, is moved from a position 30cm
away from a test charge to a position 15cm from the
same test charge. If the magnitude of the original
electric field, E, was 6.0 x 10°NC™, what is the
magnitude of the electric field at the new position?

Calculate the magnitude of the force that would exist
between two point charges each of 1.00C separated
by 1.00km. Assume that k= 8.99 x 10°Nm?C=.

Calculate the repulsive force on each proton in a

h

elium nucleus that is in a vacuum. The protons are

2.50fm apart. Assume that k = 8.99 x 10°Nm?C™>

a

nd g, =+1.6 x 107°C. Note that 1fm =1 x 10°m.

principles of Coulomb’s law. Conduct some research
and then explain the relevance of Coulomb’s law to
photocopy machines.

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 . . . 1
' following situations. '
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
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FIGURE 5.3.2 A bar magnet attracting
iron filings

FIGURE 5.3.3 The Earth acts somewhat like

geographic magnetic

North Pole) (North Pole
ll
1
1

1

1

1

,l
magnetic ) ( geographic
South Pole South Pole

a huge bar magnet. The south pole of this

imaginary magnet (the magnetic North Pole) is
near the geographic North Pole. This is the point
to which the north pole of a compass appears

to point.

0 Remember: Like magnetic poles repel

212

each other; unlike magnetic poles
attract each other.

5.3 The magnetic field

Although naturally occurring magnets had been known for many centuries, it was
still not known in the early 19th century how to create an artificial magnet. Then, in
1820, the Danish physicist Hans Christian Oersted (Figure 5.3.1) made a discovery
that led him to develop a scientific explanation of the magnetic effect created by an
electric current, an effect that led to the creation of artificial magnets.

Oersted was a keen believer in the unity of nature, that is, the concept that everything
in the universe is somehow connected. He noticed that when he switched on a current
from a voltaic pile (an early simple battery), a magnetic compass nearby moved.
Intrigued by this observation, he conducted further experiments and demonstrated
that it was the current from the voltaic pile that was affecting the compass. His
experiments showed that the stronger the current, and the closer the compass was to
it, the greater the effect on the compass. These observations led him to conclude that
the electric current was creating a magnetic field. This connection between electric
and magnetic fields is now used in ways that are fundamental to society.

FIGURE 5.3.1 In 1820, Hans Christian Oersted discovered that a magnetic effect is created by an
electric current. Oersted is honoured by this statue in Oersted’s Park, Copenhagen.

MAGNETISM

Before looking further into the connection between electric current and magnetic
fields, it is necessary to review some fundamentals of magnetism.

Magnetic materials include magnets, materials that can become magnetised and
materials that feel a force of attraction to a magnet. The force of attraction is felt by
a magnetic material in the magnetic field surrounding the magnet. Materials such
as iron will be attracted to a magnet (Figure 5.3.2).

If you experiment with a magnet you will find that each end of it behaves
differently, particularly when interacting with another magnet. One end will
be attracted while the other is repelled. Each end of a magnet is referred to as a
magnetic pole.

A suspended magnet that is free to move will always orientate itself in a north—
south direction. That is basically what the needle of a compass is—a freely suspended,
small magnet. If it is allowed to swing vertically as well, the magnet will tend to tilt
vertically. The vertical direction (upwards—downwards) and the magnitude of the
angle depend upon the direction of the magnet in relation to the Earth’s poles.

The Earth has a huge magnetic field around it (Figure 5.3.3).
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PHYSICSFILE

‘Flipping’ poles
The Earth’s magnetic poles are not static like their 1900
geographic counterparts. For many years, the magnetic
North Pole has been moving at approximately 9 km per
year (see figure at right). In recent years this rate has
increased, and is now averaging over 55km per year. Once
every few hundred thousand years the magnetic poles

flip in a phenomenon called ‘geomagnetic reversal’, so
after the next geomagnetic reversal, compasses will point
south instead of north. The Earth is well overdue for the
next flip, and recent measurements have shown that the
Earth’s magnetic field is starting to weaken faster than in
the past, so the magnetic poles may be getting close to a
flip. Although some studies have suggested such a flip is
not instantaneous—it may take many hundreds if not a
few thousands of years—some more recent studies have
suggested that it could happen over a much shorter period.

outer core

Diagram of the Earth's interior and the movement of the magnetic North Pole
from 1900 to 1996. The Earth’s outer core is believed to be the source of the
geomagnetic field.

The names for the poles of a magnet derive from early observations of magnets
orientating themselves with the Earth’s geographic poles. The geographic poles are
fixed points determined by the Earth’s rotation.

Initially, the end of the magnet pointing toward the Earth’s geographic north
was denoted the North Pole, and compasses are thus marked with this end as north.
However, it is now known that the geographic North Pole and the magnetic North
Pole are not at the same point on Earth, and the same applies to the geographic
South Pole and the magnetic South Pole.

Dipoles

If you break a magnet in half, you will get two smaller magnets, each with its own
north and south poles. No matter how many times you break the magnet, and no
matter how small the pieces are, each will be a separate magnet with two poles.
Because magnets always have two poles, they are said to be dipoles (Figure 5.3.4).
This is similar to electric charges: a positive charge and a negative charge in close
proximity is said to form a dipole. A key difference is that you cannot have a
monopole (a single magnetic pole) whether it be a south pole or a north pole;
however, charges can exist on their own as either positive or negative.

FIGURE 5.3.4 Magnets are always dipolar, that is, if you break a magnet in half each part will still
have a north pole and a south pole.

MAGNETIC FIELD

Earlier in this chapter you saw that point charges and charged objects produce an
electric field in the space around them. As a result, charged bodies within the field
experience a force. The direction of the force is determined by the direction of the
electric field.

Magnets also create fields. If you place a pin near a magnet, you will observe that
the pin is pulled towards the magnet. This shows that the space around the magnet

. FIGURE 5.3.5 lron fillings sprinkled around
is affected by the magnet. magnets trace the magnetic field lines. In (a)
If you sprinkle iron filings on a piece of material that is held over a magnet, the  unlike poles are close together; in (b) like poles

magnetic field will be clearly revealed (Figure 5.3.5). The iron filings line up with  are close together. The patterns made by the

filings show the attraction (a) and repulsion (b)

the field, tracing the field lines running from one end of the magnet to the other.
between poles.
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FIGURE 5.3.6 The field lines within and around a
bar magnet. The lines show the direction of the
force on a single north pole.

FIGURE 5.3.8 The horseshoe magnet has two
unlike poles close to each other. This creates a
very strong magnetic field.

Vector field model for magnetic fields

Figure 5.3.6 is a representation of the magnetic field within and surrounding a
simple bar magnet. The magnetic field can be defined in vector terms, specifying
both the direction and magnitude.

The direction of the magnetic field at any point is the direction that a compass
would point to if placed at that point—that is, towards the magnetic South Pole.
This is also the direction of the force the magnetic field would exert on a single
north pole (if it existed).

The strength of the magnetic field is shown by how close the lines are together.
As the distance from the magnet increases, the magnetic field spreads over a greater
area and its strength decreases. Because it has both a variable strength and variable
direction, a magnetic field can be described as a vector quantity. The strength, or
vector magnitude, of a magnetic field at a particular point is denoted by B and has
units of tesla (T).

The fields between magnets are dependent on whether like or unlike poles
are close together, the distance between the poles and the relative strength of the
magnetic field of each magnet. Iron filings or small plotting compasses can be used
to visualise the field between and around the magnets (Figure 5.3.7).

FIGURE 5.3.7 Small plotting compasses are placed around the magnets to help visualise the
direction of the field lines.

Because the Earth has a giant magnetic field around it, you can predict how
compasses on Earth will orient themselves—they will orient themselves along the
magnetic field lines. Note from Figure 5.3.6 that the magnetic field lines close to
the poles run almost vertically. Magnets placed near the Earth’s magnetic poles will
behave in the same way.

Magnets of different shapes produce fields of different shapes. Figure 5.3.8
shows the magnetic field around a horseshoe magnet and Figure 5.3.9(a) shows
the magnetic field around a bar magnet.

The resultant direction of the magnetic field at a particular point will be the
vector addition of each individual magnetic field acting at that point.
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When two magnets are placed close together, two situations may arise. If the
poles closest together are unlike, as in Figure 5.3.9(b), a magnetic field extending
between the two poles is created and the poles experience attraction. If the poles
closest together are alike, as in Figure 5.3.9(c), repulsion will occur. In this situation
there will be a neutral point between the two poles where there is no magnetic field.

(@)

(b) (c)

'l

neutral or
null point

FIGURE 5.3.9 Magnetic field lines around (a) a single bar magnet; (b) around two magnets with
unlike poles close together and (c) around two magnets with like poles close together

The bar magnets in Figure 5.3.9 have a fixed strength and position, thus the WS
associated magnetic fields will be static. £

MAGNETIC FIELDS AND CURRENT-CARRYING WIRES

The connection between electric current and magnetic fields was noted earlier.
Oersted found that when he switched on the current from a voltaic pile, a nearby
magnetic compass would move. It is believed that the Earth’s magnetic field is
created in a similar way—Dby the circulating electric currents in the Earth’s molten
metallic outer core.

A circular magnetic field is created around a wire that is carrying current
(Figure 5.3.10). A compass aligns itself at a tangent to the concentric circles around
the wire (i.e. to the magnetic field). The stronger the current, and the closer the
compass is to the wire, the greater the effect.

(b) direction T
of current

FIGURE 5.3.10 (a) The magnetic field around a current-carrying wire. The iron filings align with the
field and show the circular nature of the magnetic field. (b) Compasses indicate the direction of
the field.
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FIGURE 5.3.11 The right-hand grip rule can be
used to find the direction of the magnetic field
around a current-carrying wire, providing that
the direction of the conventional current, |, is

known.

1 ml S

ITI J

FIGURE 5.3.12 (a) Two current-carrying wires
attract when current runs through them in the
same direction. This is because at the point at
which the magnetic fields interact between the
wires, the direction of the fields is opposite.
(b) Two current-carrying wires repel when

the current passes through them in opposite
directions. This is because the magnetic fields
are in the same direction where they interact.

The magnetic field is perpendicular to the current-carrying wire and the
direction of the field depends on the direction of the current. There’s a simple and
easy way to determine the direction of the magnetic field, commonly referred to as
the right-hand grip rule. Imagine grasping the conducting wire with your right
hand and with your thumb pointing in the direction of the conventional electric
current, I (i.e. positive to negative). Curl your fingers around the wire. The magnetic
field will be perpendicular to the wire and in the direction your fingers are pointing
(Figure 5.3.11).

Worked example 5.3.1
DIRECTION OF THE MAGNETIC FIELD

A horizontal wire is carrying current. The direction of the conventional current,
I, is from left to right. What is the direction of the magnetic field created by the
current?

Thinking Working

Recall that the right-hand Hold your hand with your fingers aligned as if
grip rule explains how to gripping the wire.

determine the direction of Point your thumb to the right, i.e. in the

the magnetic field. direction of the current flow.

fingers point down:
in front of the wire

Describe the direction of the | The magnetic field direction is perpendicular to

field in relation to the wire the wire and the field runs up behind the wire,
in simple terms so that the over the top towards the front of the wire and
description can be easily continues in a loop.

understood.

Worked example: Try yourself 5.3.1
DIRECTION OF THE MAGNETIC FIELD

A current-carrying wire runs along the length of a table. The direction of the
conventional current, /, is towards an observer. What is the direction of the
magnetic field created by the current as seen by the observer?

Magnetic fields between parallel wires

Two current-carrying wires that are parallel to each other will each have their own
magnetic field. The direction of the magnetic field around each wire is given by
the right-hand grip rule. If the two wires are brought close together, their magnetic
fields will interact, just as any two regular magnets would interact. The interaction
could result in either an attraction or repulsion of the wires, depending on the
direction of the conventional current and thus the direction of the magnetic fields
between them. When the current runs in the same direction and the interacting
magnetic fields are in opposite directions (Figure 5.3.12(a)), they act as opposite
poles and the wires attract. When the current runs in opposite directions and the
interacting magnetic fields are in the same direction (Figure 5.3.12(b)), they act as
like poles and the wires repel.
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3-DIMENSIONAL FIELDS

Field lines can also be drawn for 3-dimensional fields, such as the field around the
Earth or the fields around current-carrying loops and coils. In these cases the right-
hand grip rule is still applicable (Figures 5.3.13 and 5.3.14).

(a) (b)

B — /
1
FIGURE 5.3.13 The magnetic field lines around (a) a single loop and (b) a series of loops. The blue 1

arrows indicate the direction of the magnetic field. The more concentrated the lines are inside the

» FIGURE 5.3.14 A 3-dimensional representation
loops, the stronger the magnetic field. b

of the magnetic field around a loop of wire in
the plane of the page. The blue arrows show the

Figure 5.3.14 shows a 3-dimensional representation of the magnetic field direction of the magnetic field. Notice that the
around a loop of wire. This same loop can also be represented in two dimensions E?agsnfricssfilﬁld is a circular shape, with no field
using the following convention. &

When a field is running directly into or out of the plane of a page:
¢ dots are used to indicate that the field is coming out of the page
e crosses are used to indicate that the field is going into the page.

This convention was adopted from the idea of viewing an arrow. The dot is the
point of an arrow coming towards you and the cross is the tail’s feathers as an arrow
travels away from you.

Figure 5.3.15 shows the 2-dimensional representation of the same magnetic
field around a simple loop of wire as that shown in Figure 5.3.14.

The strength of a field is indicated by the density of the lines, or the dots and
crosses. Showing lines coming closer together indicates a strengthening of the field;
showing lines moving apart indicates a weakening of the field. Similarly, a region where
dots and crosses are relatively dense indicates a region where the field is stronger than
a region where the dots and crosses are less dense. Lines that vary in their distance
apart, or dots and crosses of varying densities, indicate a non-uniform field.

As the magnetic fields produced by current-carrying coils are dependent on the
size of the current, the associated field may also be changing over time, either in
magnitude or, if the current is reversed, in direction.

FIGURE 5.3.15 A 2-dimensional representation of the same current-carrying loop depicted in
Figure 5.3.14. Areas where the magnetic field is stronger are shown with a greater density of dots
Or Crosses.

CHAPTER 5 | ELECTRIC AND MAGNETICFIELDS 217



FIGURE 5.3.17 (a) The magnetic fields in
separate magnetic domains point in different
directions. As a result, their magnetic fields
cancel out. (b) The magnetic fields in separate
magnetic domains point in the same direction,
resulting in a strongly magnetised material.

X N i =
FIGURE 5.3.18 A large electromagnet is being
used to lift waste iron and steel at a scrapyard.
Valuable metals such as these are separated
and then recycled.

The magnetic field around a solenoid

If many loops of wire are placed side by side and a current is passed along the wire,
the magnetic field is much stronger than if there was only one loop. Winding many
turns of wire into a coil forms what is called a solenoid. The magnetic field around
a solenoid is like the field around a normal bar magnet. The direction of the field
of the solenoid depends on the direction of the current in the wire making up the
solenoid. This is explained in Figure 5.3.16.

north — ) ) <— (@) south

FIGURE 5.3.16 This solenoid has current running upwards at the front of the coil and downwards at
the back. This arrangement creates an effective north end at the left and a south end at the right.
The compass points in the direction of the field lines.

CREATING AN ELECTROMAGNET

The earliest magnets were all naturally occurring. If you wanted a magnet, you had
to find one. They were regarded largely as curiosities. Hans Christian Oersted’s
discoveries made it possible to manufacture magnets, making the widescale use of
magnets today possible.

An electromagnet, as the name infers, runs on electricity. It consists of a
metallic core that is wrapped in a current-carrying conductor. It works because an
electric current produces a magnetic field around a current-carrying wire. If the
conductor is looped into a series of coils to make a solenoid, then the magnetic field
can be concentrated within the coils. The more coils, the stronger the magnetic field
and thus the stronger the electromagnet.

The magnetic field can be strengthened further by wrapping the coils around a
core of magnetic material. A magnetic material is divided into magnetic domains.
A magnetic domain is a region in the material where the magnetic field is aligned.
Normally, the domains in materials such as iron point in random directions and the
individual magnetic fields tend to cancel each other out (Figure 5.3.17(a)). However,
the magnetic field produced by coils wrapped around an iron core can force the
magnetic domains within the core to point in the same direction (Figure 5.3.17(b)).
Their individual magnetic fields add together, creating a stronger magnetic field.

The strength of an electromagnet can also be changed by varying the amount of
electric current that flows through it.

The direction of the current creates poles in the electromagnet. The poles of
an electromagnet can be reversed by reversing the direction of the electric current.

Today, electromagnets are used directly to lift heavy objects (Figure 5.3.18), as
switches and relays, and as a way of creating new permanent magnets (by aligning
the domains within magnetic materials).
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5.3 Review

» Like magnetic poles repel; unlike magnetic poles
attract.

» Magnets exist only as dipoles, i.e. they have both
north and south poles. An object with a single
magnetic pole (a monopole) is not known to exist.

» The direction of a magnetic field at a particular point
is the same as that of the force on a (imaginary)
single north pole.

+ The resultant direction of interacting magnetic fields
at any particular point will be the vector addition of
each individual magnetic field acting at that point.

» The Earth has a dipolar magnetic field, with the
south end (the magnetic North Pole) near the
geographic North Pole.

KEY QUESTIONS

Knowledge and understanding

1 Describe what happens when a magnet is repeatedly
cut in half.

2 If a magnet is suspended on a thin wire at its
midpoint so that it is free to swing, approximately
in which direction will the north end of the magnet
point?

3 The following diagram shows two bar magnets
separated by a distance d. At this separation the
magnitude of the magnetic force between the poles is
equal to F. What happens to F when d is increased?

Il B
-

4 The following diagram represents a current-carrying
solenoid.

i)

i

Which end (A or B) represents the south pole of the
solenoid?

A uniform distribution of field lines represents a
uniform magnetic field. A non-uniform field is shown
by variations in the separation of the field lines.

An electrical current produces a magnetic field

that is circular around the conductor carrying the
current. The direction of the field is determined by
noting the direction of the conventional current and
applying the right-hand grip rule.

A magnetic field associated with a constant current is
static.

The direction of 3-dimensional fields can be
determined by applying the right-hand grip rule to
the loops or coils making up the current-carrying
conductor.

Analysis

5 Two strong bar magnets that produce magnetic fields
of equal strength are arranged as shown.

N
A B C
s NN s :
E E E E
O 0 O O
SR
_— T T S

Ignoring the magnetic field of the Earth, determine:

a the approximate direction of the resulting magnetic
field at point A and at point C

b the magnitude of the resulting magnetic field at
point B.

6 The figure below shows a cross-sectional view of a
long, straight, current-carrying conductor with its axis
perpendicular to the plane of the page. The conductor
carries an electric current into the page.

A
/’/”_——N‘\\\ N
D! X 'B W E
c

What is the direction of the magnetic field produced
by this conductor at each of the points A, B, C and D?
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FIGURE 5.4.2 An electron beam in a cathode ray
tube being deflected by a magnet

5.4 Forces on charged objects due to
magnetic fields

An electric current is a flow of electric charges. These may be electrons in a metal
wire, electrons and mercury ions in a fluorescent tube, or cations and anions in
an electrolytic cell. Whatever the nature of the flowing charge, a magnetic field is
produced around the flow and a force is experienced within the field. The rate of
flow of charge, i.e. the current, determines the field produced and the magnitude
of the force.

Electrons rushing down the length of a cathode ray tube (CRT) were the
basis on which old-style television sets worked (Figure 5.4.1). The electrons were
deflected by the magnetic force they experienced as they passed through the yoke
(coils of copper wire at the back of the tube that created a strong and variable
magnetic field).

FIGURE 5.4.1 A cathode ray tube in an old-style television set

MAGNETIC FORCE ON CHARGED PARTICLES

The principle behind a cathode ray tube (CRT) is that a charged particle moving
within a magnetic field will experience a force. In Figure 5.4.2, a beam of electrons
in a CRT is experiencing a force due to a magnetic field. The force causes the beam
of electrons to bend. The magnitude of the force is proportional to the strength of
the magnetic field, B, the component of the charge’s velocity that is perpendicular
to the field, v, and the charge on the particle (g).

When v and B are perpendicular to each other:
F=qvB
where F is the force in newtons (N)
q 1s the electric charge on the particle in coulombs (C)
2 1s the component of the velocity of the particle that is perpendicular to
the magnetic field (ms™)
B is the strength of the magnetic field (T)

This force is referred to as the Lorentz force. The force is at a maximum when
the charged particle is moving at right angles to the field. There is no force acting
when the charged particles are travelling parallel to the field.
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Worked example 5.4.1

MAGNITUDE OF FORCE ON A POSITIVELY CHARGED PARTICLE

magnetic field?

A single positively charged particle with a charge of +1.6 x 107°C travels at a
velocity of 10ms™ perpendicular to a magnetic field of strength 4.0 x 10°T.

What is the magnitude of the force the particle will experience from the

Thinking

Working

Check the direction of the particle’s
velocity and determine whether a
force will apply.

Forces only apply on the component

of the velocity perpendicular to the
magnetic field.

The particle is moving perpendicular

to the field, therefore a force will apply.

The relevant equation is F = gqvB.

appropriate form. Note that only the
magnitude has been requested, so do
not include the direction.

Establish which quantities are known F=7
and which are required. g=+1.6x10"°C
v=10ms™
B=4.0x10°T
Substitute values into the force F=qvB
equation. =16x10"%x10x4.0x 107
Express the final answer in an F=6.4x10%N

Worked example: Try yourself 5.4.1

MAGNITUDE OF FORCE ON A POSITIVELY CHARGED PARTICLE

magnetic field?

A single positively charged particle with a charge of +1.6 x 107°C travels at a
velocity of 50ms™ perpendicular to a magnetic field of strength 6.0 x 10°°T.

What is the magnitude of the force the particle will experience from the

Determining the direction of the force

The arrangement shown in Figure 5.4.3 can be used to determine the direction of
the force on a charged particle moving in a magnetic field. With the fingers of your
right hand stretched out in the direction of the magnetic field and the palm of your
hand flat, point your thumb in the direction that a positive charge is moving (i.e., the
direction of conventional current). The direction of the resulting force on the charge
is the direction in which your palm is pointing. The force on a negatively charged
particle will therefore be in the opposite direction to that on a positively charged

particle. This is the right-hand force rule.

direction of the movement of a positive charge

on the charge will point out from your palm.

PHYSICSFILE

The tesla

The unit for the strength of a magnetic
field, B, was given the name tesla

(T) in honour of Nikola Tesla (1856—
1943). Tesla was the first person to
recommend the use of alternating
current (AC) generators to supply
power to towns. He was also a prolific
inventor of electrical machines of all
sorts, including the Tesla coil, which
is a source of high-frequency, high-
voltage electricity.

A magnetic field of 1T is a very

strong field. For this reason, a

number of smaller units—such

as the millitesla (mT, 10°T) and
microtesla (uT, 10°T)—are in common
use. Table 5.4.1 shows the strength of
some magnets for comparison.

TABLE 5.4.1 Comparison of magnet
strengths

Type of magnet Strength of
magnetic field

very strong 1t020T

electromagnets

and super magnets

alnico and ferrite 10%to 1T

magnets

Earth’s surface 5% 107°T
(fingers) (thumb)
field B (palm) 1 (positive charge)

FIGURE 5.4.3 The right-hand force rule:
Point the thumb of your right hand in the

(conventional current direction) and your fingers
in the direction of the magnetic field. The force
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Worked example 5.4.2
DIRECTION OF FORCE ON A NEGATIVELY CHARGED PARTICLE

A single negatively charged particle with a charge of —=1.6 x 107'°C is travelling
horizontally out of a computer screen and perpendicular to a magnetic field that
runs horizontally from left to right across the screen. In what direction will the
force experienced by the charge act?

Thinking Working
(fingers)  (palm) (thumb) Align your hand so that your fingers
field B force F I (positive charge) are pointing in the direction of the
magnetic field, i.e. left to right and
horizontal.

If the negatively charged particle

is travelling out of the screen, a
positively charged particle would be
moving in the opposite direction.
Position your thumb so it is pointing
into the screen, i.e. in the direction

The right-hand force rule is used to that a positive charge would travel.
determine the direction of the force on a

positively charged particle.

Your palm should be facing
downwards. That is the direction of
the force applied by the magnetic
field on the negative charge coming
out of the screen.

Worked example: Try yourself 5.4.2
DIRECTION OF FORCE ON A NEGATIVELY CHARGED PARTICLE

A single negatively charged particle with a charge of 1.6 x 107'°C is travelling
horizontally from left to right across a computer screen and perpendicular to
a magnetic field that runs vertically down the screen. In what direction will the
force experienced by the charge act?

OBJECTS MOVING AT AN ANGLE TO THE MAGNETIC FIELD

The force experienced by a charge moving in a magnetic field is a vector quantity.
The force equation introduced earlier (FF = gvB) applies only to that component
of the velocity of the charge that is perpendicular to the magnetic field. To find the
force acting on an object moving at an angle, 6, to the magnetic field, the equation
to use is:

F =quBsin 6

A charged particle travelling at a constant speed in a magnetic field experiences
this force at an angle to its path and will be diverted.

This is the theory behind CRT screens. As the direction of a charged particle
changes, so does the angle of the force acting on it. In a very large magnetic field,
the charged particles will move in a circular path. Mass spectrometers and particle
accelerators both work on this principle.
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THE FORCE ON A CURRENT-CARRYING CONDUCTOR

Since a conducting wire is essentially a stream of charged particles flowing in one
direction, it follows that a conductor carrying a stream of charges within a magnetic
field will also experience a force. This is the theory behind the operation of electric
motors, which will be explored in Chapter 6.

The current in a conductor is dependent on the rate at which charges are moving
through the conductor. This is given by the following equation.

e

t
where [ is the current (A)

Q is the total charge (C)
¢ is the time taken (s)

For a 1 m length of conductor, the velocity of the charges through the conductor is:

s 1
V=—=-—
A A
Hence:
I=2=Q><1=Qv
A A

As F=quB for a single charge, g, moving perpendicular to a magnetic field, then:
e for a one-metre conductor, F=IB
e for a conductor of any length /, F = IIB and
e for a conductor made up of 7 loops of conductors of length

F=nllB
where Fis the force on the conductor perpendicular to the magnetic field, in
newtons (IN)
n is the number of loops
I is the current in the conductor in amperes (A)
[is the length of the conductor in metres (m)
B is the strength of the magnetic field in tesla (T)

Just as for a single charge moving in a magnetic field, the force on the conductor
is maximum when the conductor is at right angles to the field. The force is zero
when the conductor is parallel to the magnetic field. The right-hand force rule is
used to determine the direction of the force.

CONDUCTORS AT AN ANGLE TO A MAGNETIC FIELD

The force experienced by a current-carrying conductor is a vector quantity. The
force equations introduced in the previous section apply only to that component of
the conductor that is perpendicular to the magnetic field. To find the force acting
on any conductor, or part of a conductor, moving at an angle, 6, to the magnetic
field, use the equation:

F=nllBsin 0

This is particularly useful when considering electric motors.
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CASE STUDY

Loudspeakers

A loudspeaker is a very common application of an electromagnet (Figure 5.4.4).

Inside the loudspeaker is a permanent magnet and a coil wrapped around a
metal rod. The metal rod is connected to the diaphragm, or cone.

When the loudspeaker is connected to a music source (e.g. a stereo, iPhone,
etc.), electric signals from the music source run through the coil inside the
loudspeaker. This is labelled ‘current from music source’ in Figure 5.4.4.

The electric signals are sent in the form of electric current, which creates an
electromagnet. As the electric current flows back and forth in the cables, the
magnetic field in the electromagnet either attracts or repels the permanent
magnet. This causes the metal rod to move backwards and forwards, pushing
or pulling the cone, which in turn causes sound pressure to change and you
(the listener) to hear the sound.

permanent magnet

moving coil

electromagnet

current from
music source

cone

FIGURE 5.4.4 A diagram of a loudspeaker, showing the electromagnet inside
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Worked example 5.4.3

MAGNITUDE OF THE FORCE ON A CURRENT-CARRYING WIRE

at this point is 5.0 x 10°T.

Determine the magnitude of the force per metre due to the Earth’s magnetic
field that acts on a suspended power line at the moment it carries a current of
100A. The power lines are composed of two tightly coupled conductors that run
in an east-west direction. Assume that the strength of the Earth’s magnetic field

Thinking

Working

Check the direction of the conductor and
determine whether a force will apply.

Forces only apply to the component of the
wire perpendicular to the magnetic field.

As the current is running east-west
and the Earth’s magnetic field
runs south-north, the current and
the field are at right angles and
therefore a force will exist.

PHYSICSFILE

The current balance

A current balance can be used to
determine the force on a conductor in a
magnetic field.

A current balance is used to measure the
interaction between an electric conductor
and a magnetic field. The relationship
between force, current and conductor
length can be shown.

and simplify.

Establish what quantities are known and F=7?
what are required. Since the length of the | ,_»
power line hasn’t been supplied, consider 7= 100A
the force per unit length (i.e. 1m). -
[=1.0m
B=50x10"T
Substitute values into the force equation F=nlIB

=2x100x1.0x50x107°
=1.0x 102N

Express the final answer in an appropriate
form with a suitable number of significant
figures. Note that only the magnitude has
been requested, so do not include the
direction.

F=1.0x 102N per metre of
power line

Worked example: Try yourself 5.4.3

MAGNITUDE OF THE FORCE ON A CURRENT-CARRYING WIRE

magnetic field at this point is 5.0 x 107°T.

Determine the magnitude of the force per metre due to the Earth’s magnetic
field that acts on a single suspended power line running east-west at the
moment it carries a current of 50A. Assume that the strength of the Earth’s
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Worked example 5.4.4
DIRECTION OF THE FORCE ON A CURRENT-CARRYING WIRE

A current balance is used to measure the force from a magnetic field on a wire
5.0cm long running perpendicular to a magnetic field. The conventional current
direction in the wire is from left to right. The magnetic field can be considered
to be running away from you (the observer). What is the direction of the force
on the wire?

Thinking Working
(fingers)  (palm) (thumb) Align your hqnd S0 that your fingers
field B force F I (positive charge) are pointing in the direction of the

magnetic field, i.e. away from you.
Align your thumb so it is pointing
right, in the direction of the current.
Your palm should be facing upwards.
That is the direction of the force
applied by the magnetic field on

the wire.

The right-hand force rule is used to
determine the direction of the force.

State the direction in terms of the other | The force on the wire is acting
directions given in the question. Make vertically upwards.

the answer as clear as possible to avoid
any misunderstanding.

Worked example: Try yourself 5.4.4
DIRECTION OF THE FORCE ON A CURRENT-CARRYING WIRE

A current balance is used to measure the force from a magnetic field on a wire
of length 5.0cm running perpendicular to the field. The conventional current
direction in the wire is from left to right. The magnetic field can be considered
running towards you (the observer). What is the direction of the force on the
wire?

Worked example 5.4.5

FORCE AND DIRECTION ON A CURRENT-CARRYING WIRE
The Amundsen-Scott South Pole Station sits at the Earth’s magnetic South Pole
(which behaves like the north pole of a magnet).

Assuming the strength of the Earth’s magnetic field at this point is 5.0 x 107°T,
determine the magnitude and direction of the magnetic force on the following
current-carrying wires.

a a 2.0m length of wire carrying a conventional current of 10.0A vertically up
the exterior wall of one of the buildings of the station

Thinking Working

Forces only apply to the components of the The section of the wire running
wire running perpendicular to the magnetic up the wall of the building will
field. be parallel to the magnetic field.
The direction of the magnetic field at the Hence no force will apply.
magnetic South Pole will be almost vertically
upwards (that is, out of the ground).

Il
o
=

State your answer. A numeric value is F
required. Since there is no force, it is not

necessary to state a direction.
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b a 2.0m length of wire carrying a conventional current of 10.0A running
horizontally right to left across the back wall of one of the buildings

Forces only apply to the components of
the wire running perpendicular to the
magnetic field.

The direction of the magnetic field at
the magnetic South Pole will be almost
vertically upwards.

The section of the wire running
horizontally across the building will
be perpendicular to the magnetic
field, B. A force, F, with a strength
equivalent to »IIB will apply.

Identify the known quantities.

F=7?

n=1
I=10.0A
/=20m
B=50x10"°T

Substitute values into the appropriate
equation and simplify.

F=mnllB
=1x%x100x20x50x10°
=1.00x 103N

(fingers) (palm) (thumb)
field B force ' I (positive charge)

The direction of the magnetic force is
also required to fully specify the vector
quantity. Determine the direction of the
magnetic force using the right-hand
force rule.

Align your hand so that your fingers
are pointing in the direction of the
magnetic field, i.e. vertically up.

Align your thumb so it is pointing
left, in the direction of the current.

Your palm should be facing inwards
(towards the inside of the building).
That is the direction of the force
applied by the magnetic field on
the wire.

State the magnetic force in an
appropriate form with a suitable
number of significant figures. Include
the direction to fully specify the
vector quantity.

F=1.0x 103N inwards

Worked example: Try yourself 5.4.5

FORCE AND DIRECTION ON A CURRENT-CARRYING WIRE

Santa’s house sits at a point that can be considered the Earth’s magnetic North
Pole (which behaves like the south pole of a magnet).

Assuming that the Earth’s magnetic field at this point is 5.0 x 107°T, calculate the
magnetic force and its direction on the following current-carrying wires.

the outside wall of Santa’s house

a a 2.0m length of wire carrying a conventional current of 10.0A vertically up

b a 2.0m length of wire carrying a conventional current of 10.0A running
horizontally right to left across the back wall of Santa’s house
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5.4 Review

SUMMARY

» The magnitude of the force on a charged object » The magnetic force on a current-carrying wire within
within a magnetic field is proportional to the a magnetic field is F = nliB.
strength of the magnetic field (B), the component of  « The right-hand force rule is used to determine
the velocity of the charge that is at right angles to the direction of the force on a positive charge
the magnetic field (v) and the charge on the particle moving in a magnetic field. The direction of the
(q), i.e. F=qvB. force on a negatively charged particle is in the

+ This force is referred to as the Lorentz force. opposite direction.

+ The force is at a maximum when the charged » The right-hand force rule states that the force travels
particle is moving at right angles to the out of the palm of the hand once the thumb is
magnetic field. pointing in the direction of the conventional current

« The force is zero when the charged particle is and the fingers are oriented in the direction of the
travelling parallel to the magnetic field. magnetic field.

KEY QUESTIONS

Knowledge and understanding 4 A single negatively charged particle with a charge of

1 The following diagram shows a particle, with initial -1.6x %0,190 travels at a velocity of 10.0ms™ from
velocity v, about to enter a uniform magnetic field left to right parallel to a magnetic field of strength
directed out of the page. 12.0 x 10°°T. What is the magnitude of the force the

particle will experience from the magnetic field?

N 5 A rectangular loop of wire is carrying a current, /,
in a magnetic field, B, as shown below. What is the
direction of the force on the length of wire marked

d If this particle were negatively charged, what path
would it follow?
e What kind of particle could follow path B?

2 Acurrent balance is used to measure the force from
a magnetic field on a wire of length 2m running
perpendicular to the magnetic field. The conventional
current direction in the wire is from right to left.

The magnetic field can be considered to be running
towards the observer. What is the direction of the
force on the wire?

W E OR?
S P X Q top view
B—» E —_—
a If the charge on the particle is positive, what is the
direction of the force on it just as it enters the field? -t 1 . I" ’
b What path (A, B or C) will the particle follow? '
¢ Does the kinetic energy of the particle increase, > >
Y

decrease or remain constant? S
11

6 An east-west power line of length 200 m is suspended
between two towers. Assume that the strength of
the magnetic field of the Earth in this region is
5.0 x 107°T. Calculate the magnetic force on the
power line (including its direction) at the moment it
carries a current of 100A from east to west.

3 Describe the effect of a force on a conductor if the
number of individual wires is doubled or quadrupled.
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7 An electron with a charge of -1.6 x 10™°C is
moving eastwards into a magnetic field of strength
1.5 x 107°T acting into the page, as shown below. If
the magnitude of the initial velocity is 2ms™, what is
the magnitude and direction of the force the electron
initially experiences as it enters the magnetic field?

X N

X X X X

X X X X X

X X X X X

X X X X X
es]

S

8 An alpha particle with a charge of +3.2 x 10°C is
moving eastwards into a magnetic field acting into
the page, as shown below. The force it experiences is
F. If the particle’s velocity, v, is doubled, what will be
the magnitude and direction of the magnetic force it
would experience in terms of F?

X N

X X X X

X X X X X

xX X X X X

X X X X X
es]

Analysis

9 The diagram below shows a cross-sectional view of a
long, straight, current-carrying conductor positioned
between the poles of a permanent magnet. The
magnetic field, B, of the magnet and the current, /, are
perpendicular to each other. Calculate the magnitude
and direction of the magnetic force on a 5.0cm
section of the conductor when the current is 2.0A into
the page and B equals 2.0 x 107°T.

N

OO

S

10 An east-west power line of length 80 m is suspended
between two towers. Assume that the strength of

the magnetic field of the Earth in this region is

45x10°T.

a Calculate the magnitude and direction of the
magnetic force on the power line at the moment it
carries a current of 50A from east to west.

b Over time, the ground underneath the eastern
tower subsides so that the power line is lower at
that tower. Assuming that all other factors are the
same, is the magnitude of the magnetic force on
the power line greater than before, less than before
or the same as before? Justify your answer.
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FIGURE 5.5.1 The magnet has an effect on the
paper clips even though they are not in contact.
This is because the paper clips are within the
magnetic field produced by the magnet.

PHYSICSFILE

Gravitational repulsive
forces

A leading theory in the explanation of
the expansion of the universe proposes
the existence of dark energy. While
little is understood about dark energy,
it may be a source of a repulsive

force of gravity originating from the
interaction of matter and antimatter.

.
-q-----—-———-
N

N
N
R
.

’

FIGURE 5.5.2 The arrows in this gravitational
field diagram indicate that objects will be
attracted towards the centre of the mass.

The spacing of the lines shows that force is
stronger as you approach the mass. Similar field
diagrams apply to single electric point charges
and magnetic poles.

5.5 Comparing fields—a summary

Many of the forces affecting us and the world around us can be described as contact
forces. There is direct contact as you open a door, kick a ball or rest on a couch. By
contrast, the forces of gravity, magnetism and electricity act over a distance without
necessarily having any physical contact (Figure 5.5.1).This was a difficult idea for
scientists to understand. Newton still had some misgivings even when publishing
his ideas on universal gravitation. The concept of fields, used to explain how and
why forces can act over a distance without contact, has proved to be a very powerful
tool and one that has allowed us to better explain the fundamental forces of gravity
and electromagnetism.

In this section key aspects of gravitational, electric and magnetic fields will be
summarised and compared, giving an overview of the theoretical ideas covered so
far in this book.

DIPOLES AND MONOPOLES

Gravitational fields consist essentially of monopoles. All objects with mass produce
a gravitational field that can be considered as being towards the centre of the mass,
i.e. towards a single pole. There is a concept of a gravitational dipole but it is a
measure of how the mass of an object is distributed away from a particular centre
in a particular direction, usually selected as the centre of mass.

Magnetic fields exist, in a practical sense, solely as dipoles; that is, they have
opposite north and south poles. While a magnetic field is defined as having a
direction that a north magnetic pole would move (i.e. towards a south pole), this is
a theoretical single pole.

Electric fields can be either monopoles or dipoles. Single positive and negative
charges are monopoles. Two equal point charges of opposite sign and at a distance
constitute a dipole. These are common in physics and molecular biology.

DIRECTION AND SHAPE OF FIELDS

Simple fields associated with a single monopole—whether gravitational or electric—
look very similar since they are a representation of the spread of the field around
a single point. Fields are vector quantities: they have both direction and size. Field
lines are used to visualise the extent, shape and strength of the field, with arrows on
the lines used to show the direction of the field.

A uniform field is indicated by lines that are evenly spaced throughout the
region of the field. The electric field between two charged plates is uniform. Around
a point charge, mass or pole, the field would not be uniform since the strength of
the field decreases with the distance from the charge. This is called a radial field.

In a static field, the strength of the field doesn’t change with time. This is true of
most gravitational and magnetic fields, where the mass of the object or the strength
of the magnet is unchanging. However, many electric fields are changing fields.
Charges are moving or the amount of charge is changing regularly. Some electric
fields can be static, with a fixed charge, just as there can be changing gravitational
and magnetic fields. The magnetic field associated with a changing electric current
is one example of a changing magnetic field.

A gravitational field is directed towards the point representing the centre of
mass of the object and is always attractive (Figure 5.5.2). In the case of electric
and magnetic fields, the field may be either attractive or repulsive, so a particular
direction is defined as the positive direction. In the case of electric fields, this is
the direction of the force on a positive test charge (i.e. positive to negative). For
magnetic fields, the direction of the force is on a theoretical single north pole (i.e.
north to south).
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One other key difference between these fields is that, theoretically, a gravitational
field around any mass extends an infinite distance from that mass. While the shape
of the field will be influenced by the fields of other masses, there is no way of
stopping the field. On the other hand, the extent of both electric and magnetic
fields, while theoretically extending t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>