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ABOUT THIS BOOK

Nelson QCE Physics Units 3 & 4 is a comprehensive textbook specifically tailored to align with the
2025 QCAA Senior Secondary Science Syllabus — Physics v1.2. It has been thoughtfully developed
to empower students by providing a strong foundation in essential concepts and equipping

them with the necessary skills to excel in their studies. Emphasising the importance of making
connections between topics and practising exam techniques, this edition is designed to support
students in unlocking their full potential and achieving success in their journey.

AT THE BEGINNING OF UNIT AND TOPIC O

Unit introductions are an overview of the key content in the unit.

AT THE BEGINNING OF EACH CHARLER

Chapter introduction to set the €ontexof the upcoming key content

9780170483704 ABOUT THIS BOOK vii



IN EACH CHAPTER

+ Assumed knowledge — knowledge and skills students are expected to know coming into the
chapter that relate to the chapter content

+ Learning outcomes - highlights the key outcomes from chapter

+ Key terms — defined in situ to help students deconstruct scientific language

—+ Learning check — written to the developmental levels highlighted in the syllabus objectives

+ Syllabus links — highlighting links to other areas in the syllabus to help students make
connections

+ Key formulas - important formulas to remember

+ Practicals - syllabus-aligned practicals with guided instructions on the material
procedure, collection and analysis of results, and discussion

Ne

eV py

AT THE END OF C

«  Chapter sum - vistal summaries to help summarise key concepts
+ Chapter e — exan-style questions to help students develop exam skills, including

deliberg#€ prac data analysis and making connections across content
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AT THE END OF EACH TOPIC

+ Science as a Human Endeavour - a double-page deep dive on the evolution of science and
how it has contributed to and influenced society

AT THE END OF THE BOOK

+ Glossary provides explanations of all terms introduced in the
+ Answers provide complete answers for student referenc

GLOSSARY

A e
e el
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¥ Nelson MindTap

An online learning space that provides

students with tailored learning experiences.

e Access tools and content that make learning simpler yet smarter.

e Flexible formats: choose how you navigate using either the online eText

or offline PDFs.

e Margin links in the student book signpost multimedia student resources

found on Nelson MindTap.

For students:

Engage with the online eText by adding
notes, highlights, bookmarks and using
the Search and Read Aloud (in Australian
voice) functions.

Check your understanding with assumed
knowledge reviews**

Explore key concepts with worksheets
and additional online-only practicals.
Access supporting materials such as the
chapter summary pack and weblinks.
Revise with chapter tests to practice your
skills and build confidence**

Navigate your own learning path,
accessing the content and support
resources as you need it.

** Available if assigned by your teach<+ in Cogr cro
Assess.

For teachers*:

Tailor content to different leaiiing needs
— assign directly to the student, or the
whole class.

Use teaching [lan- and curriculum guides

to support easy rogram and assessment
planninc.

Prepare students for assessment with

practice versions of data tests, unit-level
xame and the external assessment.

Snswers to student book questions help
you Zrade efficiently.

Rick assessments and technical notes
are provided for each practical activity to
ensure the safety of students.

Chapter summary presentations provided
in PowerPoint format let you edit and
build upon them.

Help build your students’ exam readiness
with Cognero Assess — a test bank
containing hundreds of questions and
answers to create, assign or export
formative and summative tests.

* Complimentary access to these resources is only
available to teachers who use this book as part

of a class set, book hire or booklist. Not available

for single purchases. Alternatively, teacher access

can be purchased as a separate subscription for
schools. Contact your Cengage learning consultant for
information about access and conditions.

Security & privacy:
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CHAPTERS RELATED TO THIS TOPIC AREA: 1-6
CHAPTERS RELATED TO THIS TOPIC AREA: 7-10

Gravity and motion
Electromagnetism

Topic 1
Topic 2:




Gravity and electromagnetism provide a basis for understanding motion and its causeg Ng
application of Newton’s laws of motion and the gravitational field model. Field theories are Qgplieg
natural phenomena of gravity and electromagnetism and you investigate the productionfof el&

waves. You will explore the analysis of motion of objects on inclined planes, projectil al satellites,

e identification of
as you develop skills

in conducting investigations, interpreting results and evaluating the validity offimary and secondary data.

UNIT OBJECTIVES

By the end of this unit, students should be able to:

Describe ideas and findings about gravity and
motion, and electromagnetism.
. Apply understanding of gravity and moti
and electromagnetism.
Analyse data about gravity and mq#on,
and electromagnetism.

9780170483704

IRterpret evidence about gravity and motion,
and electromagnetism.
Evaluate processes, claims and conclusions
about gravity and motion, and electromagnetism.
Investigate phenomena associated with gravity
and motion, and electromagnetism.

Physics 2025 v1.2 General Senior Syllabus © QCAA 2024




Gravity and motion

SYLLABUS

DOT POINTS
ponents and recombining them to determine the resultant vector.

Physics 2025 v1.2 General Senior Syllabus © QCAA 2024
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Introduction

A quantity can be specified completely by a single scale (scalar) or by two or more scales
(vector). In symbol form, vectors are distinguished from scalars by placing an arrow on top

of the letter symbol: A, B, C and so on.

Assessments
® Learning checks il
® Chapter exam

Practicals

® |Investigating theagniricdtion d
microscrope

Worksheets

Name
Nang
Nat 2

/.

AN

~¢Nelson MindTap

To access resources =pove, Visit
cengage.com.”.a/mels>.mindtap
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ASSUMED KNOWLEDGE

v Scalars are quantities that only have magnitude, and vectors are quantities with both
magnitude and direction.

v Common examples of vector quantities in physics are displacement, velocity,
acceleration and force.

v Average velocity can be calculated by v :%

v Acceleration due to gravity on Earth is g=9.8 m s2.
v Vectors can be symbolised graphically and algebraically; for example, F, F and f#

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v apply vector analysis to resolve a vector into two perpendic, reSQJute components

v solve vector problems by resolving vectors into rectangular onents, adding or
subtracting the components either mathematically or gfaphicallf®and recombining them
to determine the resultant vector

v describe the effect of multiplying a vector quanj r quantity

v describe compass bearings as true or quadra

(NI Vector and ¥ ectional analysis

When describing motion (kjgfem isplacement, velocity and acceleration are all vectors
comprising scalar magnj d dfrection. Similarly, when explaining motion (dynamics),
force and momentu Y . Magnitude is given in standard SI units, such as metres,
kilograms, secon r n&gtons. Direction is given with respect to an agreed axis system:

09 compass points (fuadragt or true/azimuth bearings), Cartesian axes (positive x-axis), one of the

vectors involed, Qg t lane of a sloping surface.
Syllabus link
Chapter 12 of . g . . .
Nelson QCE Ve metric addition in two dimensions:
Physics Units 1 & 2, o

introduces vectors in raW| n g

relation to one- and

two-dimensional vectors can be added and subtracted geometrically. Solutions can be found by careful scale
displacement, awing using Cartesi h tract 1 d a fine-point il

velocity and g g Cartesian graph paper, a protractor, a ruler and a fine-point pencil.

acceleration.

Chapter 12 al

discusses gua@lrant

and true (a . . . . . .
beari ue ( Using the tip-to-tail method, the two force vectors form two sides of a triangle (Figures 1.1.1

and Figure 1.1.2).

Tip-to-tail method

oninwhich  Parallelogram method

f each vector is
connected at the same Vector arrows are just representations of reality and can be moved to positions appropriate

osition; the vectors are . . .
Esed as adjacent sides of for the solution. In the parallelogram method, both vectors are aligned so that their

a parallelogram and the tails are at the same position. A parallelogram is constructed using the vectors as adjacent
resultant is the diagonal . . . . .

that starts at the tails of su%es. The resultant is the diagonal that starts at the tails of the vectors being added
the vectors being added (Figure 1.1.3).

6 NELSON QCE PHYSICS UNITS3&4 9780170483704



g 600 N north

800 N east

FIGURE 1.1.1

al
P4
600 N north 1e

Weblinks
Vector addition

Adding and
subtracting S

Barge - O

(a) An example of the tip-to-tail method. The vector sum of two vectors, C = A+ B

(b) In the tip-to-tail method, vectors are added with the tip of vector 1 being the tail of vector 2.

[se]}

FIGURE 1.1.2 The vector sum of two vectors, C = A+B. In t

tip-to-tail method, vectors add from tip to tail.

Vector subtraction

As in ordinary subtraction, vector subgfactiongi
vector. Thus:

vectors

nstructed as the sum of any two
ese two vectorsisa component

Compone

Any vector
other vecto|

useful to resolve vectors into rectangular
ents that are perpendicular to each other; for
ple, horizontal and vertical components or east—
est and north-south components. This enables the
use of the geometry and trigonometry of right-angle
triangles. Figure 1.1.4 shows the rectangular resolutes
of the displacement vector 55m, N37°E. The resolutes
are taken in the north and east directions respectively.
On a Cartesian grid, resolutes are taken with
respect to the x- and y-axes. The angle is taken with
respect to the positive direction of the x-axis.

9780170483704

IGURE 1.1.3 Adding vectors by the parallelogram
method. The resultant starts on the tails of the vectors
being added.

KEY FORMULA

e addition of the negative

Subtraction of vectors:
addition of the negative

> >

-B
+(B)

O O

=

N
= o e
component one of two or
more vectors into which
a vector can be resolved
+“44m N 55m Né7oE resolute a component of
' 37° ' ' a vector
s
rectangular components
components of a vector
4 that are at right angles to
S'E each other; perpendicular
*33m,E components
FIGURE 1.1.4 Resolutes of the
vector 55 m, N37°E (or 55 m, E53°N):
north component = 55 cos 37° m or
44 m; east component = 55 sin 37° m
or33m.
CHAPTER 1 | GRAVITY AND MOTION 7




Not all vectors are defined by compass points or graphs. For example, resolutes for
projectile motion are usually defined relative to horizontal and vertical directions. For motion
on an inclined plane, the resolutes are usually taken parallel and perpendicular to the plane.
For a variety of forces being added, it is often easier to measure all vectors from a reference
direction, such as down an incline.

Adding vectors by components

Resolutes can be added algebraically in the x- and y-directions. This enables the magni f
the resultant to be calculated by applying Pythagoras’ theorem, and the angle by t
ratio from trigonometry.

Consider vector A, which is oriented at an angle @ to the positive x-axi
components are A and A (Figure 1.1.5).

omponents, A, and A . The angle is taken relative to the

FIGURE 1.1.5 Vector A has cta

positive direction of the x-

KEY FORMULA

Recta | offiponents of vector A:

x-component: A =Acos ¢
y-component:A =Asin ¢
gnitude is found by Pythagoras’ theorem:

A= |AZ+A?
where:
A = magnitude of vector, A
A, =magnitude of the x-component
A= magnitude of the y-component
6 = angle relative to the positive direction of the x-axis

Angle: _ opposite

adjacent

tan 6

_ y-component
X-component

0 tan-'| ¥~COMPONent
X-component

NELSON QCE PHYSICSUNITS 3 &4 9780170483704



The addition of two vectors, A and B, to form a resultant R = A + B, uses the convention
described above. The components of the resultant R are:
e Xx-component:R =A + B,
e y-component: Ry =Ay + By

The magnitude of length, R, of the resultant vector, R, is found by y
Pythagoras’ theorem (Figure 1.1.6):

R= R +R

- \/(Ax +B,Y +(A, +B,)
Angle:

el

Il

-t

<5}

=
—
Xx |"<z
—_

A +B FI ¥ R=A+B. Components in
= tan | 2 Y the d y-directions add algebraically to
calculRg the resultant vector.

Multiplication of a vector by a scalar

The magnitude of a vector is a scalar, which can be multiplied S factor. This scalar scalar multiplier a
multiplier makes the vector longer or shorter by the scale fa oUPchanging its direction, ~ POSitive ornegative

. T . . . . T number that can change
However, if a scalar multiplier is negative, the magnitude is ed®nd the directionisreversed  the magnitude and/or the
(Figure 1.1.7).

direction of a vector

3}
KEY FORMULA “e
A vector may be multiplied by a scala tity: Weblink
- Multiplication by a positive g€®tar chifmges the magnitude but not the direction of Multiplication of vectors
the vector.
+  Multiplication by a neggfivegc hanges the magnitude and reverses the direction of
the vector.

Division of a vector k

the divisor.

or. .

k>1

—1(kA)

the same as multiplication of the vector by the inverse of

FIGURE 1.1.7 Multiplication of a vector by the scalar k. (a) If 0 < k < 1, magnitude is reduced and
the direction is not altered. (b) If k > 1, magnitude is increased and the direction is not altered. (c) If
k < 0, magnitude is affected and the direction is reversed.

9780170483704 CHAPTER 1 | GRAVITY AND MOTION 9



LEARNING CHECK 1.1

DESCRIBING

1 Identify the two methods of geometric vector addition.

2 Explain what must be done in order to add vectors geometrically.

3 Describe what happens to a vector when it is multiplied by a scalar k, when k:
a k>1 b 0<k<1 c k<O0.

4 a Write the components of vector A, in terms of the angle relative to the x-a
b Recall how to find the angle in terms of components.

UNDERSTANDING

5 A vector represents a force of 150 N east 40° north. Calculate thg ontal)

resolute and the north (vertical) resolute of the vector.

6 Explain how vector subtraction can be treated as vector a

7 Explain why a consistent scale is needed when constggcting wers to vector
equations, using a scale diagram method.

8 Describe the conditions that must be met befo t s’ theorem and
trigonometric ratios can be used to solve vect@r adgfifior’s and subtractions.
APPLYING
9 For vectors A, B and C, write vecto joequations to show:
a C as the resultant when A and added

b C as the resultant when Zsimgubtradted from B

¢ A as the difference be @ and C

d C as the resultant yfie 3B are added.
ANALYSING

10 P,Q and R aggall ve®§ors on a Cartesian plane. Write an equation to show the
component§ in x-@nd y-directions when R=P+Q.

p 4
olving problems: vectors

ors involving magnitude and direction can be added and subtracted geometrically. In order
do this accurately, use Cartesian graph paper. Use a ruler, protractor and a fine-point pencil
0

Q draw the vectors.
Tip-to-tail method
Follow these steps for geometrically adding vectors by the tip-to-tail method.
1. Decide on an appropriate scale for the drawing - state the scale in the form, p units represents
q units or (p units: g units).
2. Draw one of the vectors to scale, showing tail and head clearly. Label it A.

3. Draw the second vector to scale, so that its tail is on the head of the first vector, and its head
is pointing in the correct direction. Label it B.

NELSON QCE PHYSICSUNITS 3 &4 9780170483704



4. The arrow drawn from the tail of the first vector to the head of the second vector is the
resultant (sum) of the two vectors: R = A + B.

5. Measure the length of the resultant and use the scale to convert it to the correct value.

6. Measure the angle carefully with the protractor — angles may be related to the compass points
(quadrant or azimuth bearings) or the x-axis, or relative to one of the vectors in the problem.

WORKED EXAMPLE 1.2.1 Q
A ball-bearing slides around a horizontal circular track at a constant speed of 6.0 m s™'. At one poia lling

east. One-quarter of a turn later, it is travelling south.
Use the tip-to-tail method to find the change of velocity for the ball-bearing.

Recall that Av=v-uoru, —u_. .
—“'.—‘T} 6.0m s ! east Q !
f‘ N\
~
~

’ A

’ Ay
/! N Y
1 \
1 |}
1 1
| E
|}
\‘ 1
AY
AY
\\ 4
S m s~ south
ANSWER
1. Determine the formula formula.
Find the change of velocity by subtgécti . s east from 6.0 m s~ south. This is done by adding the
negative of the initial velocity.
AV=V -V,
I
=V, +(-V)
2. Substitute known e
Av=60 ms™s s east & 45°
6.0ms™" west ®9§\
& 6m s~ south
3.
“6ms ! east

.Ocm=1.0ms"
e resultant, Av, is measured to be 8.49 cm. This
converts to 8.49 m s'.
The angle is measured as W45°S.
Thus, AV =8.49 m s, W45°S.

=6m s~ west

The magnitude of the resultant may be found
algebraically using Pythagoras' theorem.

9780170483704 CHAPTER 1 | GRAVITY AND MOTION 1



Parallelogram method

al Follow theses steps for adding vectors geometrically by the parallelogram method.

" 1. Decide on an appropriate scale for the drawing - state the scale in the form, p units
represents g units or (p units: g units).
Weblink 2. Draw one of the vectors to scale, showing tail and head clearly. Label it A.
Pa’i!ii‘gfr:g?,;,“gi for 3. Draw the second vector to scale, so that its tail is on the tail of the first vector (the origi

and its head is pointing in the correct direction. Label it B.
4. Construct a parallelogram, using the two vectors as adjacent sides.
5. The arrow drawn along the diagonal that starts from the tails of the two vg
resultant (sum) of the two vectors: R = A + B.
6. Measure the length of the resultant and use the scale to convert it to the
7. Measure the angle carefully with the protractor — angles may be rghate
points (quadrant or azimuth bearings) or the x-axis, or relative
the problem.

WORKED EXAMPLE 1.2.2

An oil rig is being towed into place by two tug boats,
T,and T,. T, pulls on the rig with a force of 4.0 x 10°N,
135° true. The true bearing of T, is 240° and it pulls

with a force of 6.0 x 10°N.
Determine the resultant of these two forces.

Peter Bowater/Science Source

6.0 X 10°N 4.0 x 10°N

ANSWER @
Scale: 1.0 cm represent SN
1 Determine the res .

pedsured to be 12.6 cm.

resultant force.
.3x10°N, 207° true or 8.3 x 10°N,
3° south.

Peter Bowater/Science Source

FIGURE 1.2.1 Addition of forces by parallelogram method

12 NELSON QCE PHYSICS UNITS3&4 9780170483704



Rectangular components

Follow this general procedure for adding (or subtracting) two or more vectors using components.

1. Sketch a diagram that clearly shows the vector addition.

2. Choose rectangular x- and y-axes. Sometimes this is obvious, as in the case of using the
compass points. Sometimes it is better to select the x-axis to be along one of the vectors so
that one of the vectors has a single component.

3. Resolve each vector into rectangular resolutes (x- and y-components, compass points,
horizontal and vertical etc.). Be sure to identify positive and negative values for the resolutes.

4. Calculate the magnitude of each component by trigonometry.

KEY FORMULA O
For vector A, which is oriented at an angle @ to the defined positive direction (x-axis), Q~

magnitudes of the components are:

along the x-axis: A = A cos 6
along the y-axis: A =A sin &

5. Find the magnitude of the components of the resultant vecto

KEY FORMULA

he x-components of the individual
sum of all the y-components of the

The x-component, R, of the resultant, R, is the sup

OT d
vectors being added. Similarly, the y-componept, @
individual vectors being added.

6. Determine the magnitude of t ultanfsing Pythagoras’ theorem.
7. Determine the angle using the§angen§ ratio.

KEY FORMULA KEY FORMULA
The magnitud reSWltant is The angle with respect to the axis is found
determined usinggPythagoras’ theorem: by the trigonometric ratio for tan:

R
JR:+R? tang=-—-
R

R
#=tan™ (—y]
RX

. Check that the angle is given in the terms required by the question.

9780170483704 CHAPTER 1 | GRAVITY AND MOTION 13



WORKED EXAMPLE 1.2.3

Solve the tug boat—oil rig problem from Worked example 1.2.2 by using the sum of component vectors.

ANSWER

1 Determine the formula to calculate x.
On initial inspection, the resultant is likely to be more towards the west.
Take west as positive x-direction:
Rx = T‘Ix +T2x

2 Subsitute the known values.
R ="4.0x10° Nxcos 45° + 6.0x10° Nxcos 30°

3 Calculate the x-components.
R =2.368x10°N

4 Determine the formula to calculate y.
On initial inspection, the resultant is likely to be more towards the south.
Take south as positive y-direction:
RJ’ :T1y + TZ}’
5 Substitute the known values.
R, =4.0x1 0° Nxsin45°+ 6.0 x10° N x sin 30°

6 Calculate the y components.
R, =5.828x1 0°N

7 Determine the formula for the magnitude of result
_ 2 2
R=|R?+R?
8 Substitute known values.
R=1/(2.368x10°)? +(5.828 x10° )2

9 Calculate the magnitude of resultalo

R=8.3x10°N

10 Determine formula to cal
Let 8 be the angle oppodll

R
6=tan™ (y]
RX

Peter Bowater/Science Source

11 Substitute k ues.

6=tan 5.8 N

.368x10° N
1 he angle. 3
s 1T, south
ermine the quadrant or azimuth bearing. ‘ A e
Let & be the angle with respect to west (270°). 1 T,=60x10°N T, =4.0X10°N
o=68° ’

a=west 68° south

FIGURE 1.2.2 A free-body diagram showing forces and
their components for the oil rig being towed by two tug
boats (see Figure 1.2.1).

14 Determine the true bearing.
True bearing =270° — 68°
True bearing =202°
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WORKED EXAMPLE 1.2.4

A mass slides without friction down a slope that is inclined at 30° to the horizontal. Find the component of the

gravitational acceleration, g = 9.8 m s, parallel to the surface.

a;=9.8ms? ><S|\n:mx

FIGURE 1.2.3 The component of the acceleration due to gray n thinclined plane

ANSWER
The acceleration due to gravity is g = 9.8 m s2 vertically down.

1 Determine the formula for the gravitational accele @
Parallel to the slope, the component of the gravitation@§acceleration, a, is:
a,=gsiné

2 Substitute the known values.
a,=9.8m s?2xsin 30°

3 Calculate the answer.
a,= 49ms?
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LEARNING CHECK 1.2

DESCRIBING

1 Contrast the steps of the tip-to-tail method and the parallelogram method for solving vector problems.

2 State an advantage of adding vector components to determine a resultant compared to the scale
diagram method.

3 State the equations for resolving a vector into the x- and y-components.

4 Using a diagram, describe the process of finding the net force acting on an object when two forces ac
different angles to one another.

APPLYING O
5 Use the tip-to-tail method to add the following vectors on a Cartesian plane.
a A=50m,#=30%B8=80m, 0 =75

b A=10m, 9 =30°B8=30m, 6 =45°
6 Use the parallelogram method to add the following vectors on a Cartesian plan
a A=3x10°N,6=305B=4x10N, 6 =60°

b A=320N, 6 =40%B=250N, 6 =80°
ANALYSING 0

7 Use the components method to subtract B from 2A on a Cartegian €, given the following values.
a A=15ms', =30 B=25ms", 8 =60°
b A=35N,6=120°B8=25N, § =45°

8 Sketch the vector sums, P + @, then find the resulta 'ng the component method.

a P=20N,120° true; @ = 50 N, 300° true
b P =300N,N30°W;Q=450N, S60°W

A
Qg/C)
Q~
C)O
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Geometric vector addition CHAPTER

»  Allvectors can be added and subtracted geometrically. SUMMARY

«  Inthe tip-to-tail method, the tail of a vector is placed at the head of another vector and the line
connecting the tail of the first vector to the head of the second vector is the resultant vector.

«  In the parallelogram method, the vectors are placed so their tails coincide to form a
parallelogram with the vectors as adjacent sides. The diagonal of this parallelogram, from
the common tail, represents the resultant vector.

«  The tip-to-tail and parallelogram methods can be used for addition and subtraction of
vectors by reversing the direction of the vectors.

Components of vectors O
. All vectors can be constructed as the sum of any two other, component vector,

«  Rectangular components are components at right angles to each other.

«  Vector A can be resolved into rectangular components using the geg€ral formula:
X-component: A =Acos ¢
y-component: A = Asin &
The magnitude is found by
Pythagoras’ theorem:

A=./A§+A§

where: A =magnitude of vector, A
A_= magnitude of the x-component
A, =magnitude of the y-compog€nt
6 = angle relative to the pogj#i
direction of the x-axis

A= (AT A

Angle:

tan

y-component
X-component

. ipl n of a vector by a scalar:
Sc@lar multipliers are positive or negative numbers that can change the magnitude
nd/or direction of a vector.
- Multiplication of a vector by a positive scalar changes the magnitude but not the
direction of the vector.
- Multiplication of a vector by a negative scalar changes the magnitude and reverses
the direction of the vector.
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CHAPTER
EXAM

MULTIPLE CHOICE

©

1.

Vectors and scalars differ because a:

A vector must have two scales; a scalar must have only one scale.

B vector must have at least two scales; a scalar must have only one scale.
C scalar must have only two scales; a vector must have only one scale.

D scalar must have at least two scales; a vector must have only one scale.

Which of the following statements is true?
A True bearings are taken with respect to the positive x-axis.

B Quadrant bearings are taken with respect to the positive y-axis. O

C True bearings can take any value between 0° and 360°.

D Quadrant bearings can take any value between 0° and 360°.

A vector has a magnitude M and true bearing of 8, where 0° < tisits
component in the direction of east?

A Msiné@ B Mcos
C Mtané D , E(90° —%9)N

A vector has a magnitude M and true bearing of GgwR€re 180° < 6 < 270°. What is its
component in the direction of east?

A —Msin(270° — 6) cos(6)

C —Mcos(270° — 6) M, S(270° — )W

>

On a Cartesian plane, a vector, R,
are the magnitude, R, and direction,

A p +q tan Q B p2+q2;tan[g]
p

2 2. -1 9

p +q ; D p~ +q°; tan v

If a force , of QO N isfapplied at an angle of 30° to the horizontal, what are the horizontal
nents of the force?

¥ x-d@mponent of p and a y-component of q. What
g of R respectively?

B 5.0N,50N
D 10N,0.0N

t moves with a velocity of 12m s™ east, while the current flows 5m s south. What
e resultant velocity of the boat?
A 13ms™, 22.6° south of east B 10m s, 45° south of east
C 17ms™, 45° south of east D 7ms?, 22.6° south of east

Three displacement vectors are 5m north, 7m east and 2 m south. What is the
resultant displacement?

A 7.8m, 45° north-east B 5.0m, 53.1° east of north
C 6.4m, 46.4° east of north D 7.6m north, 66.8° east

A vector has components 9m at N70°W and 12m at N10°E. What is the magnitude and
direction of the resultant vector?

A 15.0m, N20°W B 14.7m, N25°E

C 16.2m, N23°W D 13.4m,NI10°E
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10. Three forces of 8N act on an object at N60°E, S30°E and S45°W. What is the magnitude of
the resultant force?

A ON B 8N
C 16N D 24N
SHORT RESPONSE

11. Avyacht travels at a velocity of 120m s, N50°E before changing speed and direction

to 108 m s™ in the direction 140° true. Find the average acceleration of the yacht if the OQ

change takes a total of 2min 25s.

the drone travels at a constant speed of 4.2m s™.

a  Calculate how long it takes for the drone to complete one circuit of the cour

b  Construct the change of velocity vector for a one-quarter segment of the ¢j
circuit. Use an initial velocity of u heading west.

12. A drone enthusiast practises on a circular course of radius 10.0m. In one practice flight, O

13. Three friends are pulling on a round table from different directions, try#hg to mdye it.
The forces are shown in the diagram below. If the third friend is pull h a force
of 60N, determine the forces exerted by the other two friends, gj thRg.th€ table
remains stationary.

10

40°

ugh the air and its jets exert a thrust force of 13kN east. A significant
ng another force to the plane of 950N from S70°E. Determine the

eedorces act on a 2.0kg object.
= 10N at N30°E
F,=8N at S20°E
F,=6N at S45°W
The object starts from rest. Calculate the final displacement of the object if the forces act
on it for 4 seconds.
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Projectile motion

NDERSTANDING

@ ibe Wow horizontal and vertical components of a velocity vector are independent

SYLLABUS 3¢each other.

DOT POINTS ) . N L :
e problems involving projectile motion in the absence of drag effects using

_ _ 1 2 2 _ 2 _
v, =u, +gt, sy—uyt+§gt, v,’=u’+2gs, v, =u and s =ut.

Interpret data relating to the horizontal distance travelled by an object projected at
various angles from the horizontal.

SCIENCE AS A HUMAN ENDEAVOUR

+ Explore the role of forensic evidence used in court and the challenges associated with
providing conclusive evidence that may lead to convictions.

SCIENCE INQUIRY

+ Investigate the horizontal distance travelled by an object projected at various angles
from the horizontal.

Physics 2025 v1.2 General Senior Syllabus © QCAA 2024

NELSON QCE PHYSICS UNITS 3 &4 9780170483704




Introduction

A projectile is an object that goes up and down vertically at the same time as it moves
horizontally. Therefore, projectile motion is motion in two dimensions. Near the surface

of Earth, the gravitational field acts vertically throughout the motion. If we assume air
resistance is negligible, then the vertical motion is only affected by the gravitational field.
But, as there is no force component in the horizontal direction, the horizontal motion is not
affected by a force or component of force.

Assessments Worksheets
® |earning checks 51, 5.2, 5.3 ® Name
® Chapter exam Aame

- LM E;
Practicals

® Investigating the m¢
microscrope

-

To access ic=ouices above, visit

) :
“ e N e I.SO n Mi ndTap cengac~.cuvi.au/nelsonmindtap
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ASSUMED KNOWLEDGE

v The kinematic variables displacement, initial and final velocity, acceleration and time
can be represented by the variables s, u, v, a and t.

v Acceleration of near-Earth objects due to gravity is always vertically downwards and its
value is independent of the objects’ mass. rise _Ay

v The gradient of a linear graph can be calculated by — o

LEARNING OUTCOMES O

By the end of this chapter, you should be able to:

v describe how horizontal and vertical components of a velocity ve e endent of
each other
v solve problems involving projectile motion in the absence o

ffégts using
1 2 2 2
v, =u, +gt, sy_uyt+§gt , V,=u +2gs, v, =u, and

u®sin 20

v explain how R= ,0°< 0<90° is derived f| e equations

v interpret data relating to the horizontal distanc@ traVell@d by an object projected at
various angles from the horizontal
v explain the relationships between launch ¥naximum heights and ranges.

Horizo nd vertical

vec ponents

A projectile is la\g; ed, u, and angle, 6, relative to the horizontal.
Horiz% ponent of the launch velocity, u

ponent of the launch velocity is:

: u =ucos6
%mnshlp can be seen in Figure 2.1.1.

>
s\l

FIGURE 2.1.1 A projectile is launched at speed u and angle @ to the horizontal. The horizontal and
vertical components of the launch velocity, u_and u, respectively are shown.
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Vertical component of the launch velocity, u, >

Typically the direction upwards from the launch position is defined as positive. Then, the

vertical component of the launch velocity is: Weblink
Describing projectiles with
u =usinf numbers: (horizontal and
y

vertical velocity)
™ KEY FORMULA %

Components of the launch velocity

>
E Horizontal component: u = u cosf
2 Vertical component: u=u sin@
where:
« u = launch speed (typically m s™)
Time ’ u, = horizontal component of the la
velocity (m s™)
FIGURE 2.1.2 The horizontal u = vertical component of t
component of motion of a projectile velocity (m s?)
remains the same, neglecting air 0 = angle of the launc i ative to the
resistance; u, = v,. horizontal (typicall

WORKED EXAMPLE 2.1.1
A projectile is fired at an angle of 30° to the hgr @ ith a speed of 120 m s™'. For the initial velocity, find the:
a horizontal component

b vertical component.
ANSWERS &

a 1 Determine the formula.

u,=ucoso
2 Substitute the alygs.
u =120ms7, 30
3 Calculat a er.
u =10
b 1

e the formula.
.z

SubBstitute the known values.
= 120 m s~ x sin 30°

Calculate the answer.
u= 60ms™

The vertical motion is affected by Earth’s gravitational field, which applies a force downwards
on the object. As the vertical (upwards) direction is defined as positive, the constant acceleration
due to Earth’s gravitational field near Earth is negative:

g=-9.8ms>

The speed-time graph of the vertical component of motion of a projectile is shown in
Figure 2.1.3.
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Positive
velocity

+ve

Highest point

o

AN
7
Time %

Negative
velocity

Velocity

|
<
(4]

FIGURE 2.1.3 When drag is considered negligible, the vertical comp ofqgotion of a projectile
proceeds at constant negative acceleration: g=-9.8 m s2.

Combining horizontal and vertic
components of projectile moifo

For a projectile, the complete set of motion var e specified by treating the horizontal
component of the motion separately from Y al*tomponent of the motion. Algebraically,
the suvat kinematics equations can be r n Uping the symbols defined.

= LG H tal component of motion

her horizontal component of force to affect the horizontal
v, =u +gt
y y

tign.” The horizontal component of acceleration a_ = 0.
s —u t+lgt2 & equently, the horizontal component of the motion remains
o2 constantand u_= U, Therefore, the horizontal distance, s , travelled
v; =u?+2gs in a time interval t is:
s =ut=vt

y y
v, =u,
The velocity-time graph of the horizontal component of motion
s <: ?

of a projectile is shown in Figure 2.1.2.

Y FORMULA

Horizontal component of motion at zero acceleration

s,=ut=vt

where:
s, = horizontal distance travelled (m)
u_= horizontal component of the launch velocity (m s™)
v, = horizontal velocity (m s™)
t=time (s)
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Vertical component of motion at constant acceleration, g

The vertical component of motion is affected by the constant gravitational field, g, which
produces a constant acceleration of g=—-9.8 m s on every mass near the surface of Earth. Thus,
the suvat equations can be used to analyse the vertical component of the motion. The initial and
final vertical components of speed are, respectively, u, and v, In the vertical direction, the object
travels a distance interval of s, =y over a time interval t. The suvat equations can be written for
projectile motion as follows:

vy=uy+gt

_ 1 5
sy—uyt+5gt

2 2
vi=ust 2gsy

KEY FORMULAS E
%=%+W
1

vi=u?+2gs
y y y
where:
u, = vertical component of the launch velocity (m s™)
v, = vertical component of the velocity some time afte (s
s, =y = vertical height interval relative to the launch posit (m)
g = acceleration due to gravity (m s?)
t =time interval (s)

LEARNING CHECK 2.1 &
DESCRIBING O
1 Consider a projectile I%t speed u and angle relative to the horizontal 6.
a

show the launch velocity and its horizontal and

Landu,.

prox on after calculating ‘g’ using g= G—T where r = 6.371 x 10° m (at sea level)
r
d wijere r=6.408 x 10° m (at the peak of Mt Everest).

lain why the horizontal and vertical components of motion of projectiles are
independent of each other.

APPLYING
5 Copy and complete the following table.

Launch speed Angle to the Horizontal Vertical
(ms™) horizontal (°) component (m s~") | component (m s~7)
20 30

15.6 45
2.41 60
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O& ! 5\3

6 A ballis thrown upwards with a speed of 12 m s at an angle of 70° to the horizontal.
a Calculate the velocity of the ball when it reaches its highest point.
b Determine the acceleration of the ball at the top of its flight.
¢ Find the time when the ball is at a height of 4.0 m above its launch position.

7 Arocket leaves the launch pad with a speed of 300 m s at an angle of elevation
of 35°. Calculate the horizontal distance travelled, in kilometres, when it returns to the
same height as the launch site.

ANALYSING

8 Compare the velocity—time graphs for vertical and horizontal motion of a projg
(Figures 2.1.2 and 2.1.3). Determine what the slopes represent and ho Tz
9 A projectile is launched at an angle of 60° above the horizontal. It riges %@ imum

height of 25 m. Find the launch speed.

REFLECTING

10 Qualitatively compare projectile motion with and withqut the 8§fect of air resistance.

o~
The trajectory Qf
projectiles ’ arth’

Projectiles may be launched wit
at some angle to the horizonta].
9.8 m s directed verticall

il velotities that are vertical (up or down), horizontal or
rth’ the magnitude of the acceleration due to gravity is

Falling and MOwzoitally projected objects

Two balls are relfased sfimultaneously from the same position above the ground. Ball A, initially
at rest, fallsgfertj wn. Ball B is projected horizontally at initial speed u_(Figure 2.2.1).

S _> VX
Projectile
+¥ motion
N

5

Vertical
fall

:
A oy
\
B

FIGURE 2.2.1 Two balls A and B are released simultaneously from the same height, one of which
also has a horizontal velocity.
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Both objects fall at the same rate, but the path of ball B is ‘stretched’ horizontally by the
horizontal component of the velocity. After a time interval ¢, the velocity of each ball can be
found by analysing the horizontal and vertical motions independently of each other, then
combining the results.

Horizontal motion of ball B
The horizontal component of the velocity after a time interval ¢ is the

same as the original horizontal component of the launch velocity: A Acceleration

v_=u_for all time intervals

Vertical motion of ball A

The vertical component of the launch velocity is changed by an amount
equal to the area under the acceleration-time or g-t graph (Figure 2.2.2).

v, u, =gt >

= T.
v,=u+ gt t ime

where u= Om s if dropped U .2.2 The area under an
v = gt (uy =0) @ ration—time graph, such as this g-t

ph, is the change in velocity.
This is the same vertical component of velocity as ball B. v
Combining vertical and horizontal

components for ball A

The velocity, ¥, can now be specified by hagoras’ theorem (magnitude) and

trigonometry (direction):

«l
o‘:

Weblinks
Characteristics of a
projectile’s trajectory

Projectile motion

Projectil ed at an
angle orizontal y 4, — 0 athis poi
For tife moyOF®f a projectile launched at speed u v LY
a le @ a general analysis, similar to that for Vy/:{f' v s
11 projection (u, = 0), can be undertaken. u, AV, 7 o W y\l'z\'N,"
e velocity is tangential to the path of the A
ofectile (Figure 2.2.3). Y v, .
Uy l a=g .

. . . . vy N
Horizontal motion of projectile N\
'ljhe borlzontal' component of the 'V'e1001ty flfter a FIGURE 2.2.3 The path of a projectile fired with initial speed
time interval ¢ is the same as the original horizontal u and angle 6. At each point, the horizontal component of the
component of the launch velocity: velocity is the same. The vertical component changes according

_ L to the time for which the gravitational field acts.
v =u_for all time intervals
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Vertical motion of projectile

The vertical component of the launch velocity is changed by an amount equal to the area under
the acceleration-time or g-t graph (Figure 2.2.2).

v, —u =gt

v, =gt+ uy(uy>0) %
Combining vertical and horizontal components for a proje€tj

The velocity, v, at any time can now be specified by using Pythagoras’ theorem (mag d
some trigonometry (direction).

KEY FORMULAS :
\7=Juf+v§ Q

where v, =u, +gt

%
tang= -~

u
where:
v = magnitude of the final velocity (m s™)
u, = horizontal component of launch velocity} (ms™)
u, = vertical component of launch velg sl (ms™)
v, = vertical component of final veloci s™)

0 = angle of the launch velocity glative {§¢he horizontal (°)

g =the acceleration due to g 3 s?)
t =time interval (s) @

WORKED EXAMPLE 2.2.1 &

28

A projectile is launched with an injifal yglo of 25 m s~ at an angle of 20° above the horizontal. The projectile
lands on level ground. Assumegi stggfte is negligible.

a Determine the total tim

b Calculate the horizo ange of the projectile.
ANSWERS
a 1 Consider ation presented.

Congj (

agfables provided in the question and required for the answer.
erticdl displacement is s,=0s (since the projectile lands on level ground).
ia€ the formula.

vertical motion equation:

S = U t+ %gt2
where:

s, =0 m (vertical displacement)
u,=25sin20ms" (initial vertical velocity)
g =-9.8 m s2 (acceleration due to gravity)
tis the total time of flight (s).

0=25 sin20xt—%9.80 t?
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Subsitute the known values.
4 Calculate the answer.
t=175s
a 1 Determine the formula to calculate horizontal motion.
This gives two solutions: t = 0 s (initial time) and t = 1.75 s (flight time).
The horizontal range is calculated using the horizontal motion equation:
s =ut

2 Substitute the known values. Q
The horizontal velocity is: u, = u cosé O

s, =25c0s20x1.75
3 Calculate the answer.
s, =41.1m

Range of a projectile over level ground 2

A projectile that is launched over level ground at 60° stays above groupd for lonfer than
one launched at 30°. However, they both travel the same horizontal dist nggeneral, for
a particular launch velocity, there are two solutions to the horizontg e projectile.
(Figure 2.2.4) At a projection angle of 45°, the two solutions coi id the range is a
maximum. This can be deduced from the equations for projectil iOn®

w

v, = 0 at this poi

FIGURE 2.2.4 Theran j e over level ground depends on the angle of projection. There
are two solutions for t e, except where they coincide at 45°.
Vertical co nt of motion

y=0

1
Egt2 +u,t=0

1
t(ggt + uyj= 0
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Let t = 0 (initial condition); or
1
> gt+u,=0

2uy .
t = —= (positive as g < 0)
8

1

Egt2+uyt=0 %
1

t(ggt + uy]zo O

1
5gt+uy =0

2u, . :
t = —= (positive because g < 0)
g

Horizontal component of motion

The range, R, can be calculated by finding values for s_fr cgnstant horizontal component

of the launch velocity and using the time of flight:
s, =ut=R (1Quge

(from vertical analysis)

Butu, = ucos6 and u in

& R= 2u” sin 6 cos O
g
_u? x2sinfcos

8

onometric identity thatsin26 =2sin 6 cos 6,

2 .
R=M,O°<0<9O°
Q KEY FORMULA
9 g
_Wsin20 e g < goe
4

where:

R =range over level ground from launch site to landing position (m)
u = initial launch speed (m s)

0 = launch angle (°)

g = acceleration due to gravity (m s2)

30 NELSON QCE PHYSICSUNITS3&4 9780170483704



The range is a maximum when:
sin260 =1
260 =90°
6 =45°
Note that the sine function is positive in the first and second quadrants. This means that,
if 260 = o is a solution, then 26 = 180° — ¢ is a solution. Both solutions for @ lie in the range

0° < 6 < 90°. Q%
A word of caution O

This analysis only works for projectiles that travel over level ground or between two positions atO

the same vertical distance above the horizontal. If the projectile lands above or below the launc

position, the analysis will not provide correct answers as the path is not symmetrical. 2
WORKED EXAMPLE 2.2.2

A projectile is launched with an initial velocity of 30 m s at an angle of ve the horizontal. The projectile
lands on level ground. Assume air resistance is negligible. Determine izgyftal range of the projectile.
ANSWER

1 Determine the formula.

The horizontal range may be calculated using the ra udiion.

'@

_ u’sin26

R 0°< 0 <90°
g
2 Substitute the known values.
R 30%sin2(35)
9.80
~900x0.939690
9.80 ‘ ’
3 Calculate the answer.
R 845.7
9.80
and R=86.33
The horizoial g f the projectile is 86.3 m.

Ra @ projectile over varied surface levels

Aqrojectilegthat is launched to heights above or below their launch points still trace out a
adglic path, though the path is not symmetrical. Therefore, these cases require more specific
lication of the various kinematic formulas to account for their varied vertical displacements.

WORKED EXAMPLE 2.2.3

A projectile is launched with an initial velocity of 20 m s at an angle of 40° to the horizontal. The projectile lands on
a platform that is 3 m above the launch height. Assume air resistance is negligible.

a Determine the total time of flight.
b Calculate the horizontal range of the projectile.
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ANSWERS
a 1 Determine the formula.

The time of flight is determined by analysing the vertical motion using kinematics equations.
Consider the variables provided within the question and required of the answer.

1
s, =u,t+ Egt2

where:

s, =vertical displacement

u, = u sin 6 (initial vertical velocity)

g =-9.8 m s (acceleration due to gravity)
t = the total time of flight (s)

2 Substitute the known values. O
3:203in40°><i‘—%><9.8><1‘2 Q~
3=149t-4.9xt?
0=-3+149t-49xt?

Orin standard form

culator.
andt=2.83s.
come down from its maximum

3 Solve using the quadratic formula or using the equation solver in a
This provides two solutions where s =3 m above the launch height,
The total time of flight is therefore the second one, where the pigjec
height to land on the platform, hence t =2.83 s.

The horizontal range may now be determined using the tj ht and the constant horizontal velocity,
ucos 6.

b 1 Determine the formula.
Range=s =ut
s, =ucoseoxt

2 Substitute the known values.
s, =20cos 40°x2.83 s

3 Calculate the answer.

s =43.36m

PRACTICAL ACTIMA ™ 2.21

PROJECTILE

Introducti

Projectiles With th8 same launch speed over level ground travel different horizontal distances depending on the angle
of launch? ir resistance is negligible and the acceleration due to gravity near the surface of Earth is constant,
related to the magnitude of the launch velocity, u, and the angle of launch, 6, by the equation:

_u’sin20
g

R

Research questions

How can the relationship between launch angle and distance travelled be shown?
How does the theoretical value for range and launch speed compare with experimental values?
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Aim

For a projectile that travels over level ground:

1 to demonstrate the relationship between launch angle and distance travelled
2 to compare theoretical with measured values for:

a range
b launch speed

Materials

« flat, horizontal surface

+ curved track, such as a toy car track, mounted on a solid rigid base so that the end of the | elto
the base

» small ball, such as a ball bearing or glass marble

» wedges of different angles: 15°, 30°, 45°, 60° and 75°

* ruler

+ carbon paper and A3 plain paper or sand tray for recording the landing posi

Risk assessment

& What are the risks in doing this experiment? How .an you v .nage these risks to remain safe?

Asspf‘s'g‘,f,.gm Small balls may roll across the floor and create | Kee w a secure container when not in use.

a tripping hazard. ign one group member to collect the projected
s and return them to the container immediately.

Procedure

1 Arrange the curved track on a table so that yif€ an be projected at an angle to the horizontal.

2 Use the wedges to raise and lower the bg€e o ack to different angles of elevation.

3 Arrange the recording system so th ndipg position is horizontally opposite the launch position.

4 Release the ball from a position o rack¥fiat is the same height above the launch position for each launch angle.
5 Record the horizontal distang€/'R, traveMed by the ball.

6 For each angle, 6, record #heQorizoftal distance, R, at least three times.

Results

data from the summary table on a correctly constructed
aph of R against 6, including uncertainty bars.

Draw the line of best fit.
3 Use the line of best fit to plot R versus sin 26.

4 Use the graph to find the experimentally determined | . 3
launch speed. N R 7
. FIGURE 2.2.5 A ballis launched at an
Interpretation angle 6 from a constant height, h, above the
5 Explain why the ball must always be released from the same launch position. The landing position is at
vertical height above the launch position. the same height above the ground as the

launch position.
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6 Explain why the landing position must always be the same height above the table as the launch position.
7 Explain the reason for taking three range measures for each angle.

8 Use conservation of energy to deduce the launch speed; hence, deduce the theoretical range for each of the
launch angles.

9 Compare the theoretical values of R to the measured values of R, taking into account measurement uncertainties. %

Evaluation

11 Describe the experiment in two or three short sentences.
12 State any relationship that can be justified between measured variables. O

13 Compare the measured values of R and u with the results predicted from theory.
14 Identify limitations in the experiment in two or three short sentences. Q~

LEARNING CHECK 2.2

DESCRIBING

) ) T I s 5
1 Define all the variables in the equation M =Ju’+ v, .
2 Aprojectile launched from ground level travels over a horizontal plan ding. Write an equation for the range.

10 Explain how the experiment could be improved to collect more precise data. O

3 Explain how the range of a projectile is affected by changes j inffial launch angle while keeping the initial
speed constant.

4 Explain why a projectile launched horizontally lands with the s vertical component of velocity as a projectile
dropped from the same height.

5 Describe the conditions under which the range gfuati be applied. Justify your answer.

APPLYING

6 Calculate the velocity of a projectile afteNit is launched at a speed of 50 m s~ and an angle of 50° to
the horizontal.

7 For a projectile that leaves andJ#
following table.

A
Launch speed S ''~<t (aunch angle to Largest launch angle to Range
the horizontal (°) the horizontal (°) (m)
91
48

same horizontal height above ground, copy and complete the

fired horizontally at a hanging bag 12.0 m away. The paintball and bag are both initially 10.0 m
ground. The bag is let drop at the same time as the shot is fired.

a\\EXplain why the bag is still splattered with paint.
Find the minimum launch speed of the paintball shot for it to connect with the bag before landing.

9 A projectile is launched at an angle of 30° above the horizontal from a given height. It lands on a platform that is
6 m below the launch height and a horizontal distance of 30 m away horizontally. Use this information to:

a determine the launch velocity (u)
b calculate the total time of flight (t).

Assume acceleration due to gravity is 9.8 m s2 and neglect air resistance.
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10 A golf ball is struck from a tee, making an initial angle of 20° with the horizontal. It
travels a horizontal distance of 120 m and lands on the green, which is 4 m above
the height of the tee. Neglecting air resistance and using g =9.8 m s, use this
information to:

a determine the launch velocity (u)
b calculate the total time of flight (t).

Solving problems in
projectile motion

When solving problems involving projectile motion, follow the steps below. 2

1. Read the question carefully.
2. Sketch the real situation described.
3. On the sketch:
a show the path from launch to landing

b draw the initial velocity vector
¢ show the horizontal and vertical components of the initi oC ctor
d add any data provided in the question, including quagtita es for the vertical and

horizontal components of the initial velocity
e show the direction and magnitude of the gravitation@acceleration: g.
4. Separate the analysis into horizontal and v components and select appropriate
formulas:
a horizontal motion

u =ucos6
s.= uxt = vxt

b vertical motion.

vx
the special case of projectiles that are launched from and return to the same
orizontal height:

u? sin 20
8

0° < 6 < 90°.

Pay attention to the two possible solutions.

6. Transpose formulas for the required unknown variable or substitute values directly into
the equation.

7. Solve the equations.

8. Check to ensure the answers are those required.
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WORKED EXAMPLE 2.3.1

1 Consider a projectile fired at an angle of 45°
above the horizontal with a speed of 86 m s
(Figure 2.3.1). Find the:

® Q0 T

vertical component of the initial velocity
maximum height reached by the projectile
time taken to reach the maximum height
acceleration at maximum height

velocity at maximum height.

ANSWERS

a 1

a
e
2
3
36

Determine the formula.
u=u sin 6

Substitute the known values.
u,=86m s x sin45°
Calculate the answer.

u = 61ms™

Determine the formula.

2 _,,2
v,o=u, +ngy

Rearrange the formula to find the unknown.

2 2
s = vy 7Y,
y 29

Substitute the known values.

o _0-(61ms"y
¥ 2x(-9.8ms?)

Calculate the answer.
s, = 190 m

Determine the formula.
%=%+W

Rearrange the@ find the unknown.
V. —u
t= y y

own values.

te the answer.
6.2s

g=-9.8m s
Determine the formula.
u =ucos 6

Rearrange the formula to find the unknown.

u =86ms xcos45°

Substitute the known values.
u=61Tms"

NELSON QCE PHYSICSUNITS 3 &4
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u=86ms-"!

0 = 45°

FIGURE 2.3.1 A sketch of projectile motion.
symmetrical path and the tangential initj
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WORKED EXAMPLE 2.3.2

Find the distance covered over level ground by a
projectile that is launched from ground level with
a speed of 35 m s and an angle 55° above the
horizontal (Figure 2.3.2).

AN
Q
FIGURE 2.3.2 A sketch of projectile nch

yAN

35ms~1

55°

angle of 55° and initial velocity of 35 :@

ANSWER
1 Determine the formula.
2
R u“sin20
g

2 Substitute the known values.
(35 ms™)? x sin(2 x 55°)
- 9.8ms?
(35 ms™)* xsin(180°—-110°)
9.8ms™

R

3 Calculate the answer.
R (35 ms)? xsin70°

9.8 ms™

=117 m

WORKED EXAMPLE 2.2 .3

32m s (Figure 2.3
horizontal. Find the:

ANSWERS

a 1 Determine the formula.
2_ ., 2
v, =u, +ngy

2 Rearrange the formula to find the unknown.

vy2 —uy2
S =

y 29

9780170483704
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96 m

<V

FIGURE 2.3.3 A sketch of projectile
motion for a launch angle of 10° and
initial velocity of 35 m s’
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Substitute the known values.

s _ (Oms™)?*—(5.557ms™")?
Y 2x(-9.8ms™?)

Calculate the answer.

s,= 1.6m

Determine the formula.
v, =u, +gt
Rearrange the formula to find the unknown.
_ v, ~Y,
g
Substitute the known values.
- 0ms'-5557ms’”
-9.8ms™
Calculate the answer.
t=0.57s

Determine the formula.
Vertically from top of flight:
y=(96+1.6)m=97.6m, uy=0m s, vy=?,g=+9.8m s2t="?

:
42
y=gt+out

Rearrange the formula to find the unknown.

= /2—y,uy=0
g

Substitute the known values.

. [2x97.6m
+9.8ms™

Calculate the time taken.

t=45s
Calculate the total time taken
Time of flight, t:

t = t(to top) + t(from top to d
=0.56s+4.46s
=50s

Determine the

To calculate th

a hgrizontally.

NELSON QCE PHYSICS UNITS3&4
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LEARNING CHECK 2.3

DESCRIBING

1 State which aspect of a projectile’s launch velocity controls the time of flight: the
vertical component or the horizontal component.

2 Aprojectile is launched at an angle of 45°. Identify the point in the projectile’s flight Q%

path where there is the greatest difference between the magnitude of its vertical
velocity component and the magnitude of its horizontal velocity component.

3 State the magnitude of the vertical speed and acceleration at the top of a projectile’s
flight, for a projectile that was launched:

a vertically b atanangle to the horizontal.

4 Compare a projectile’s vertical velocity to its vertical acceleration in terms of dire
as the projectile is going:

a up b down.
5 Identify the conditions under which the following formulas can be appli

a s =ut=vt b s =ut c v, € gf2gs,
APPLYING
6 For a projectile launched with an initial velocity of 40 m s~ gt an f 30° above the

horizontal, use the kinematics formula to determine the:

a maximum height above its launch height
b time taken to reach maximum height

c acceleration at the top of its flight

d velocity of the projectile after 1.0 s.

ojectile is fired across the river
f the other. If the rocket is launched
the horizontal, find the distance across

7 Ariver flows between two cliffs of equ
from the edge of one cliff and lands
with a speed of 50 m s~ atan an
theriver.

ANALYSING

8 Near Earth, the speed ojectile at any position after launch can be given in terms
i eed, u, launch angle, 6, and time of flight, t. Demonstrate

ojectile that is launched with a speed of 70 m s~ at an angle of
rizontal and which lands 30 m below its launch position. Determine if
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CHAPTER Projectile motion

SUMMARY «  Projectile motion is motion in two dimensions as a consequence of an object that goes up
and down vertically at the same time as it moves horizontally.

«  The projectile is launched at a speed, u, and angle, 6, relative to the horizontal.

«  This launch velocity vector can be resolved into the horizontal component, u , and the
vertical component, u.

u, =ucoso
u, =usin@
«  The vertical motion is affected by Earth’s gravitational field, g, and ther cal
component of velocity varies while the projectile is in motion.
g=-9.8ms™
vy, =u, +gt

- 1.2
Sy—uyt+5gt

_ 2
vy, =u,” +2gs,

where: U, =vertical component of the launch veloci
v, = vertical component of the velocity gfme i

¥
s, = vertical height interval relative to the laugch position (m)

Y
g = acceleration due to gravity (

t = time interval (s)

. However, there is no horizontal co nt of force to affect horizontal motion, so the
horizontal component of velocity is coRgtant while the projectile is in motion.
Vy =U,
S, = Uyt

Types of projectile pBti

«  Types of prgje€Hile mofjon include:
- vertjcalimotiol only, where the projectile is released with no horizontal velocity
nly vertical component
izontally, where the projectile is thrown sideways with no initial vertical
component
—€ projectile launched at an angle to horizontal with symmetrical path

rojectile launched at an angle to horizontal with an unsymmetrical path (starts at a
higher point than it lands or vice versa).

ange of projectile

« Atangles of equal distances from 45°, the angles are complementary to each other (sum to
90°) and yield the same horizontal range for a given initial velocity.
where 6, = 45+ xand 6, = 45— x,s,; = S,
where the projectile lands at the same height it was launched, the range, R, or the
horizontal distance travelled, can be derived using the formula:
_ u’sin26
8
where: R =range
u = initial velocity
6 = angle of projection
g = acceleration due to gravity
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MULTIPLE CHOICE CHAPTER

1. The vertical and horizontal components of a launch velocity u and angle of launch above EXAM
the horizontal ¢, are, respectively:
A usinoand utan o
B utanoanducosa.
C usinaanducosc.
D ucoscoand usinc.

2.  What is the maximum height reached by a rocket, that is launched at 30° to the horizontal
at 320m s closest to?
A  1300m

B 1.3 x10*m
C 0.13km
D 1.3km

3. Aball takes 1.5s to travel from the thrower to the catcher, who is 45m away. The&gball

is caught at its maximum height, which is 5.0m above the launch heigh#” What was the
approximate speed at which the ball was thrown?
A 30ms™
B 3lms™
C 33ms™
D 39ms™?
4. Find the launch speed of a projectile that travels a ho tal distance of 200m in 5.0s
after being launched at an angle below the horj al of #6°.
A 56ms™
B 40ms™
C 28ms?
D 20ms™

be negative when the posifgveaunclijvelocity is:

5. For an object that lands belo:@ch oint, the acceleration due to gravity is taken to
A above the horizo t

ertical displacement on landing is positive.
B  above the hori e vertical displacement on landing is negative.
C below the h the vertical displacement on landing is negative.
D belowt tal and the vertical displacement on landing is positive.

6. Aballis thr bove the horizontal at 4.0m s™. What will the horizontal

compg ball’s velocity be after 0.50s?
A B 31ms™?
3.4ms™ D 55ms™
7. s thrown 40° below the horizontal at 4.0m s™. What will the horizontal
ponent of the ball’s velocity be after 0.50s?
A 26ms? B 31ms™
C 34ms™ D 55ms™
8. What will the vertical component of the velocity of the ball in Question 7 be after 0.50s?
A 26ms? B 31ms™?
C 49ms™ D 75ms?

9780170483704 CHAPTER 2 | PROJECTILE MOTION 1



9. A ballis thrown horizontally from a roof at 12.0m s™. What will the ball’s velocity be

2s later?
A 12.0ms™ B 19.6ms?
C 23.0ms™* D 31.6ms™

resistance, which statement is incorrect?
A The ball will have a vertical velocity component of 0m s™ for an instant when j

reaches its maximum height.
B The time between launch and reaching maximum height is the same as t

between maximum height and striking the ground.
C  The ball’s acceleration will change during its flight. O

10. A ball islaunched in the air at an angle of 42° on flat ground. Ignoring the effects of air %

D The ball’s horizontal velocity will not change during its flight,

SHORT RESPONSE

11. A soccer ball is kicked off the ground at speed 30.0m s} and d¥§gle 42.0°. It lands on the
ground some distance away. Calculate the:

a time of flight of the ball until it lands

b  maximum height above the ground attaingd bygiae @11
c  velocity of the ball at the top of its flight

d  acceleration of the ball at the top of i

12. A shooter aimed her rifle horizontg a lqxge target. The bullet travelled at 452m s™
and struck the target 23.4cm below point at which the rifle was aimed. Determine
the angle of elevation necessagaif the sBooter is to hit the target.

CROSS-CHAPTER QUE

13. A 100g ball is laug€he
to reach its max hei

DATA ANA ) )

ngle of 35° and gains 127 of gravitational potential energy
t. Determine the launch velocity of the ball.

14. Anal at,

s A¥nhd B depict the paths of a projectile with a set launch velocity.

Graph B

<V
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a  Identify the relationship between launch angle and range evident in Graph A, using
quantitative evidence to justify your answer

b  Identify the relationship between launch angle and maximum height in Graph A,
using quantitative evidence to justify your answer

c Identify the relationship between launch angles that attain the same range, using
quantitative evidence to justify your answer

d  Given there is no change in launch velocity, infer what condition has been changed
to produce Graph B?

e  Are the same patterns that you identified in Graph A evident in Graph B?

ANALYSE DATA O
15. The data for a falling object over the first second of its movement is presented in th

&

following table.
Time t Time squared Vertical di canr e
(s) t2 (s?) fallens (n.'

0.10 0.01

0.20 0.04

0.30 0.09

0.40 0.16

0.50 0.25

0.60 0.36

0.70

0.80 0, 3.136
0.90 .8 3.969
1.00 1.00 4.900

By analysing and interpretingithe d8a in the table:

a  describe the mat atjc tionship between time squared #* and distance
fallen S,
determine
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Inclined planes

SYLLABUS

DOT POINTS
cribe the forces acting on an object on an inclined plane (e.g. force due to

gravity, normal force, tension, frictional force and applied force) through the use
of free-body diagrams.

Determine the net force acting on an object on an inclined plane using vector analysis.

SCIENCE INQUIRY

Investigate the parallel component of the weight of an object down an inclined plane at
various angles.

Physics 2025 v1.2 General Senior Syllabus © QCAA 2024
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Introduction

An inclined plane is one of the simplest machines and consists of a sloped surface. Inclined
planes are used as wedges and levers and can be seen in winding roads and screw threads.
Movement up or down a slope involves the gravitational force of weight and the forces
applied by the surface — friction (parallel to the slope and acting against motion) and the
normal force (perpendicular to the slope).

Assessments Worksheets
® |earning checks 51, 5.2, 5.3 ®* Name
® Chapter exam *Wame

- ® JHame
Practicals

® |nvestigating the magnificai@n of &
microscrope

To access rescurces above, visit

:‘ ‘: N e lSO n M | ndTa p cengage.ccm.au.1elsonmindtap
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ASSUMED KNOWLEDGE

v The net force acting on an object can be calculated, using F__ = ma.
The Sl unit for mass is the kilogram (kg).
v Weight is the resultant force when gravity acts on mass and can be calculated, using

<

F,=mg.
v The normal force is the force applied by a surface at right angles to the surface. %
v Friction force is a force that opposes motion and is parallel to the contact surface.

O

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v solve problems involving force due to gravity (weight) and mass, g

v quantify normal force

v describe the forces acting on an object on an inclined plane (e’ e due to gravity, normal

force, tension, frictional force and applied force) through fiae use Ojfree-body diagrams

v determine the net force or acceleration acting on angdbjegt on an inclined plane by using
vector analysis

v describe and explain static friction and kinetic fficti

quantify static friction and kinetic friction

v analyse or interpret graphical representat the forces or accelerations associated
with inclined planes.

<

NI Inclin nes

A box will stay whefeNit is a horizontal floor unless it is forced to move. That is the
consequence of on’s Wyrst law of inertia. If the floor is tilted at an angle, the box will
eventually start{fo slid§ down the slope, overcoming friction. It accelerates down the slope

F
when the fosce eater than zero. That is a consequence of Newton’s second law, a = —.

m
The b raf€s when the effect of the gravitational force on the box along the surface
over frictional force applied by the surface.

nclined plane

angle of inclination thOn inclined plane is a surface that is tilted at an angle to the horizontal. This angle is called the angle

angle, g relative . . . . .. .. . .
horizontal: 0° < fl< 90° of inclination (Figure 3.1.1). The angle of inclination is always between zero and a right angle:
0°< 8<90°

Galileo Galilei famously used inclined planes to reduce the impact of acceleration due to
gravity on balls rolling down inclines, slowing their motion and allowing a more accurate
determination of the acceleration due to gravity at Earth’s surface.

Forces on an inclined plane

KEY FORMULA A mass on an inclined plane is subject to forces parallel to the plane and

perpendicular to the plane. Some forces are gravitational in origin; others

are electrostatic in origin. The combined effect of forces can be considered

0°< < 90° in terms of vector sums. These can be analysed as forces applied parallel to
the surface and forces applied perpendicular to the surface.

Angle of inclination, ¢

46 NELSON QCE PHYSICSUNITS3&4 9780170483704



Forces on a horizontal surface

An object that is not accelerating on a horizontal surface is subject to two forces:
Inclined plane
« the normal force applied by the surface on the object perpendicular to
the surface 0

F 1 (by surface on object) or N Horizontal
« the friction force applied by the surface on the object parallel to the surface. ,FIG_URF 3.1 ‘1. Thean g
inclination, g, is an clfgive to
— - the horizontal.
F) (by surface on object) or f

)
&
ﬁ

KEY FORMULA : s
Normal force mct'ivnee':a“g:;snes

Inclines

N =F, (by surface on object)
where:

N = normal force applied by a surface on an object, perpendicular # th e (N)
F . (by surface on object) = force applied by a surface on an object,erpegdicular to the
surface (N)

KEY FORMULA
Friction force

f F. (by surface on object) (N)

where:
f = friction force applied by a sufiface ap an object, parallel to the surface (N)
F'” (by surface on object) = fofte lieghy a surface on an object, parallel to the surface (N)
When thereisnoa ,the netforce on an object
. . . . . IV/\
is zero (Figure I e direction perpendicular to
the surface, the n8#6rccOn the object is zero. It comprises Fret=N—-w=0
the norma p and away from the surface and
the perpen wcomponent of the downwards weight
forceffw. A ng Newton’s second law: . R
N d
YF=0
N-w=0
w
N=w
FIGURE 3.1.2 A horizontal plane: the net force acting on a
N=mg stationary object is zero. In the vertical direction, X F =N —w =0.

Forces on a vertical surface

When the surface is tilted so that it is perfectly vertical, the object is no longer supported by the
surface and hence the normal force is zero. Despite it looking as though there is contact between
the object and the surface in this situation, there is no direct interaction between the particles
that make up the object and the particles that make up the surface because of the absence of a
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normal force. This also means there is no friction. The object falls due to the gravitational force
(weight). The net force is the weight (Figure 3.1.3).

Fret =W =mg

N
A\ 4

Vw

FIGURE 3.1.3 A vertical plane: in the vertical direction, the net force on the objed @ eight
force: XF =w=mg.

Sliding on a frictionless inclined plane

If the surface is tilted at an angle somewhere between horiz
of friction, the normal force and the weight force combi
(Figure 3.1.4). The object slides down the slope wit

al and Wertical, and in the absence
a net force down the slope
peed (acceleration).

N
W
_—" —_
__—" Fnet
< .:‘.‘.‘. O

—

w
FIG inclined plane: for a frictionless surface, the net force is the vector sum of the
no d the weight force.

Applying trigonometry to the vector sum gives values for ¥, F and N in terms of the weight.
h®net force is found as follows:

|

=sin@

LF
w
> F

mg sin 6

Thus, the net force down the slope is the rectangular component of the weight force acting
down the slope. It is this component that causes the object to accelerate.
Similarly, the normal force is found as follows:

g = cos6
w
N

= mgcosf
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The normal force is the rectangular component of the weight force perpendicular to
the slope. This component pulls the object into the surface at right angles to the surface,
enabling the surfaces more or less to stick together. Gravitational force is responsible for the
object being pulled into the surface. Electrostatic force is responsible for the surfaces sticking
together. The net force perpendicular to the surface is zero, since the object does not leave or
fall through the surface. Applying Newton’s second law:

ZFL = 0 %
N—mgcos =0
N =mgcos 6 O
KEY FORMULA O
Parallel to surface Q~
2 F,=mgsin & =ma

=a=gsiné

where:

X F, = net force parallel to the surface (N)
m =mass (kg)
g = gravitational force = 9.8 m s
6 = angle of inclination (°)
a = acceleration along the slope (m s?)

Sliding on an inclined plane
with friction

Friction is a force that occurs when opgfgurfai ects the movement of another surface. At
the microscopic level, the base of a a n inclined plane both have bumps and hollows
(Figure 3.1.5). When the two surfgCes argpushed together, strong, attractive electrostatic forces

stick the molecules of both sugficeNg eafh other. static friction the force
. . . e . . s that impedes motion
This static friction mu ergome before the box can move. Since static friction depends
b

up to the point where
on the force applied b the surface, static friction depends on the perpendicular ~ motion begins

component of the wei WStatic friction rises to a maximum
value, at which e begins to accelerate.
KEY FORMULA
Perpendicular to surface
Base of object YF =N-mgcos 8=0

where:

2 F, =netforce perpendicular to the surface (N)
Surface N = normal force (N)
m =mass (kg)
g = gravitational force =9.8 m s
6 = angle of inclination (°)

FIGURE 3.1.5 Microscopic and submicroscopic surface
irregularities contribute to surfaces sticking together,
producing friction.

9780170483704 CHAPTER 3 | INCLINED PLANES 49



Once the box begins to move, the friction force between the surfaces reduces. This

kinetic or sliding friction kinetic or sliding friction can be considered to be a constant force that opposes the
tmhitfigfg;g:trggggges motion of the box. Kinetic friction is also dependent on the gravitational force component
has begun; kinetic perpendicular to the surface because this component of the weight force pulls the surfaces

:n”?gigi’:uzztatic frictionin together so that they more readily stick.
’ Figure 3.1.6 shows that static friction rises to a maximum as force is applied to the bo
At this point, the kinetic friction becomes a constant, but lesser value, than the maxi
static friction.

Static

friction O
Kinetic
friction

Friction force

Applied Q

FIGURE 3.1.6 As force is applied to a box, the s
moving, the kinetic friction applied to the b 0

jon rises linearly to a maximum. Once

On surfaces involving frictiongethe kifgtic friction opposes the motion caused by the

component of the weight paralle @

lope. Newton’s second law is used to find the net force:
XF =ma

mgsin 6 — f=ma

KEY FORMULA @< ’ KEY FORMULA

When friction is involved When friction is involved

Parallel to the slope: Perpendicular to the slope:

ZF“:ma %2 2FJ_:O

mgsin —F,_=ma N-mgcos #=0

where: where:
Y F,=netf arallel to the slope (N) 2 F, =net force object perpendicular to the
m=ma slope (N)
g = grayitatigatl force =9.8 m s2 N =normal force (N)
f inclination (°) m = mass (kg)
kinetic friction (N) g = gravitational force =9.8 m s2
a Jacceleration of the mass (m s2) 6 = angle of slope, 0° < < 90° (°)
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Z|

W) = mg sin 6

w, = mg cos

w) = mgsin 6

FIGURE 3.1.7 Perpendicular and parallel components of forces acting on a b incline.
(a) The normal force and the weight force weight are drawn. (b) The normal
and perpendicular components of the weight force are drawn. Both free-bgfly fo, rams are

valid and correct.

Sliding and rolling friction

Kinetic friction acts against the motion of an object sliding 8@wn a slope. The friction involved

inrolling an object down a slope is typically less thap@lidigg friction. This rolling friction causes rolling friction the force
an object to roll, even as the object moves down @s ;% er the effect of the weight component. tmhiiigf‘t:rt‘g ?hpaptorz(:a tes
Rolling friction contributes to the linear acc jon Ofgrolling object down the slope beingless  an object as it rolls along
than that of a sliding object. The distribuygbn ass throughout the object also contributes @ slope

to the acceleration along the slope. The€e tWg reasons are why the linear acceleration of a rolling

object down a slope is not equal t linear®acceleration due to the component of the weight

objgcts also have angular velocity.

acting parallel to the surface — goll

PRACTICAL AC(P'IT * 3.31

MEASUleQH’R)

Intrg
An@bject®n a plane will start to slide when the angle of inclination of the plane reaches a particular value. The angle

d to find the static friction between the object and the plane. When sliding, the object will experience a
of sliding or kinetic friction that is less than the static friction.

seach question
How can the static and sliding friction of an object be measured?
Aim
To measure static and sliding friction between an object (e.g. a smartphone) and an inclined plane
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Materials

+ flat surface made from a solid material such as » smartphone with protective cover and
wood, melamine or plastic accelerometer app

+ arange of rectangular blocks ranging in height from + ruler
Tcmto10cm * electronic balance

Procedure

1 Weigh the smartphone and record its mass.

2 Place the smartphone, cover down, horizontally on the plane and activate the accelerometer app.

3 Record the distance from the end of the plane to the front end of the smartphone.

4 Use the blocks to lift the end of the plane until the smartphone just starts to move.

5 Record the height of the front end of the smartphone above the horizontal at the angle for t
smartphone just starts to move.

6 Increase the angle by approximately 10° (do this five times).

7 Let the smartphone slide down the slope.

8 Foreach angle tested, collect data for the acceleration at a point halfway doyfh the slope.

9 Repeat the steps 2-8 three times.

Results

1 Calculate the following quantities and their uncertainties:

a angle of inclination
b component of weight:

i parallel to the surface

ii perpendicular to the surface
¢ normal force

d static friction
e sliding friction.
2 Draw the graphs for:

a friction versus angle of inclinatio
b friction versus applied forcegfaral e slope
c friction versus applied forc englicular to the slope.

Analysis of results

1 Summarise the pu f experiment.
2 Onthe graphs,ide ctions for which:
a no motio
b motion oG
c ther aximum static friction
d ther@was gliding friction.

3 i e procedure was repeated three times.
4 a diagram to describe the method.
5 teWprecise values of:

a gJstatic friction
sliding friction.

6 Specify any experimentally justifiable relationships between friction and other variables.
7 Show one representative set of calculations for all derived quantities.
Evaluation

8 Identify limitations in the experimental design and procedures.
9 Discuss how the experiment could be improved to produce more precise results.
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LEARNING CHECK 3.1

DESCRIBING

1 Describe the following forces applied by a surface to an object it is supporting.
a Friction force
b Normal force

2 Write vector equations for the net force on a mass that is sliding on a frictionless surface when the sirfae iS*
a horizontal
b inclined at an angle to the horizontal
c vertical.

3 Foraninclined plane where friction is involved, write equations for net force:
a parallel to the surface
b perpendicular to the surface.

APPLYING

4 Calculate F, acting on an 18 kg mass down a slope of incline 25°.

5 Calculate the force normal acting on a 15 kg object in equilibrium o nclined plane at 30° with
the horizontal.

6 Compare static friction and kinetic friction.

7 Sketch a vector diagram to show the forces applied to an hat is accelerating down a:
a frictionless surface
b surface where friction is involved.

8 A maximum static friction force of 15 N is applied to a 3Q kg mass on an inclined plane.
a Calculate the net force on the mass perp ar to the surface.

b Calculate the net force on the mass pgra e surface.
c Determine the angle of inclination gf'thgsslop¢’
9 A 120kg toboggan and rider slide fg@m r 120 m down an icy, frictionless surface at an angle of 25° to

the horizontal.

a Calculate the normal forg€ applied BY the surface on the toboggan and rider.
b Calculate the acceleragioof th@toboggan.

c Determine the finajgfelogit e rider at the end of the slope.

ANALYSING
10 A mass of 20 kg i

aced on a rough horizontal surface. The surface is then rotated to an angle of inclination of
bject is just about to move.

Solving problems on inclined planes

hen solving problems involving motion on an inclined plane, follow these steps. 0

1. Read the question carefully. %<
2. Visualise or sketch the real situation described.
3. Draw a free-body diagram. Weblink
. . . . . Static and Kinetic
a Identify each force acting on the object in question. Friction on an inclined

plane simulation

b Write each force in symbol form: normal, weight and, if appropriate, friction. It may be
appropriate to show components of weight, F, and F.
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¢ Add any data provided in the question.
d Define the direction of the net force (or acceleration).
4. Consider whether to draw a vector diagram.
a For frictionless motion: N + w = ma, noting that @ must be parallel to the surface (the
vector signs reduce to a directed number line).
b For motion involving friction: N + w — f = ma, noting that f and d@ must be parallel t
the surface (the vector signs reduce to a directed number line).
5. Separate the analysis into motion that is:
a parallel to the surface. Use Newton’s second law to set up equations along th
i without friction: X F, =mgsin 6 =ma; a=gsin ¢
ii with friction: X F, = mgsin 6 — f=ma
b perpendicular to the surface. Use Newton’s second law to set up equat @ ght angles

to the surface: X F| = N — mgcos 6 =0.
6. Transpose formulas for the required unknown variable or subs s directly into

the equation.

7. Consider whether any of the suvat kinematic formulas sho e used to complete your
answer to the question.

8. Solve the equations.

9. Check to ensure the answers are those required,

WORKED EXAMPLE 3.2.1

A 1000 kg car is sliding down a frictionless plane that is incline n angle of 15° to the horizontal.

—= m = 1000 kg

a Onthe diagram, use vectors to
Sketch a vector sum diagram.
c Calculate values for the:
i weight force acting p
ii force that stop
iii acceleration of ¥

o

ANSWERS
a Draw frge-bo ors on the diagram.

=

. 1000 kg
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b Sketch the vector sum diagram.

5

=3

—

SF

®
X

¢ i 1 Determine the formula.

Parallel to the surface: O
X F,=mgsin 6

2 Substitute the known values.
F,=1000 kg x 9.8 ms?x sin15°

3 Calculate the answer.
F,=2.5x 103N

ii 1 Determine the formula.
Perpendicular to the surface:
F =mgcos @
2 Substitute the known values.
F =1000kg x9.8 ms?xcos15°
3 Calculate the answer.
F =9.5x10°N

iii 1 Determine the formula.
a=gsiné

2 Substitute the known valués.

a=9.8ms2xsin15°
3 Calculate the an%

a=25ms?

WORKED FAA VF..E 3.2.2

Jown a ramp that has an angle of inclination of 60°.
The 2 ictional force between the ramp and the box.
a (Find tRe net force acting on the box.

culdte the acceleration of the box.

termine the normal force acting on the box.

60°

&
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ANSWERS

a 1 Determine the relevant formulas.
Parallel to the slope:
ZFH =ma

mgsin 6 —f=ma
Perpendicular to the slope:
2F =ma

N-mgcos =0

2 Combine the formulas to determine the net force.
Therefore, the net force on the box is the net force parallel to the slope:
XF,=mgsin 6 —f

3 Substitute the known values. O
YF,=50kgx9.8ms?xsin60°~15N
XF =4243N-15N

4 Calculate the answer.
2F,=409.3N

Y
m

40934 N
50 kg
=819 ms™

¢ 1 Determine the formulas.
Perpendicular to the slope
N-mgcos =0

N=mgcos @
2 Substitute the known values.
N=50kgx9.8ms2xcos60°

3 Calculate the answer.
N =245N @D

is the

FIGURE 3.2.1 The net force, F

net’

sum of the forces w, N and f.
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LEARNING CHECK 3.2

REMEMBERING

1 Explain, using a drawing and the rules of geometry, why the angle of inclination, 8, must be the same as the
angle between the w and N force vectors for an object on an inclined plane.

2 Sketch and label with force arrows a mass sliding down a frictionless inclined plane.
3 Write net equations in terms of forces acting on an object on an inclined plane:

a perpendicular to the surface

b parallel to a frictionless surface

c parallel to a surface involving friction.
UNDERSTANDING

4 Use Newton’s laws to explain how a mass can slide on an inclined plane at con

APPLYING

5 A frictionless plane is inclined at an angle of 20° to the horizontal. A 198 kg box slfdes down the plane. Calculate
values for the:

a force acting parallel to the surface
b normal force
c acceleration of the box.
6 A 400kg motorcycle slides down a 6° incline at a con t s . Identify the frictional force applied to
the motorcycle.

ANALYSING

7 A2.0kgboxon aplaneinclined at 25° is

i @ f static friction. Sketch and label with force arrows a free-
body force diagram of the situation.

8 A 60kgbox slides on a frictionlesgg#fan d at 15°. Identify the magnitude and direction of the external
force other than the weight that fius®ge applied to the box to achieve an acceleration of 3.2 m s

a down the slope

Q.
O
O
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F f incli I
CHAPTER eatures of inclined planes

SUMMARY « Inclined planes are surfaces that are tilted
at an angle to the horizontal.

»  The angle of inclination is the angle
between the inclined plane and the
horizontal surface and affects how much

Inclined plane

0
net force is acting on the object. The angle
of inclination must be between 0° and 90°: Horizontal
0° < #<90°
Gravitational force O
«  The gravitational force acts straight down due to gravity and i ated as F_ = mg.
«  Due to the inclined plane, the gravitational force is convert s components, F, and

F,, so that forces only act in two perpendicular directigas.

e The parallel component of the gravitational force, FRacyfparallel to the inclined plane,

causing the object to slide down. It is calculate in &, where fis the angle
of inclination.

«  The perpendicular component of the gravipation ce, F|, acts perpendicular to the
inclined plane and is balanced by the nor . Itis calculated as F| = mgcos 6,

where @is the angle of inclination.

Z|

w) = mg sin 6

w, = mg cos

W) = mg sin 6

Other forces

«  The normal force (N) is the force exerted by the inclined plane that is perpendicular to its
surface. This force counteracts the component of the gravitational force perpendicular to
the plane.

+  Frictional force (for F,) opposes the motion of the object sliding down the plane which acts
parallel to the surface of the inclined plane but in the opposite direction to the motion.
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MULTIPLE CHOICE

1.

The angle of inclination of a plane is the angle: EXAM
A tothe horizontal.

B to the vertical.

C perpendicular to the plane.
D parallel to the plane.

On an inclined plane, the normal force is the:
A reaction to the component of the weight parallel to the plane.

B reaction to the weight.
C force applied on a mass by the surface perpendicular to the plane. O

D force applied on a mass by the surface parallel to the plane.

What is the acceleration of a 10 kg mass sliding down a frictionless plane inclined a !
A 98ms™>
B 85ms™
C 49ms?
D 28ms™

A 5.0 kg mass is situated 1.8 m from the lower end of an inclined#planp@N 15 about to slide
when it is 45 cm above the horizontal. The magnitude and type oRfgorcgfkeeping the mass
in place is:

A 13 N; static friction.

B 13 N; kinetic friction.

C 49 N; static friction.

D 49 N; kinetic friction.

A rope is tied to a 65 kg box on a 30° slgg€. The 1on between the box and the slope is
65 N. What is the tension in the rop

A 384N

B 319N

C 254N
D 65N
An object of mass ts inclined plane angled at 6. Which equation represents the

magnitude of the@rce‘?

blocislides down a frictionless incline at 30°. What is the net force acting along the
#f the block has a mass of 5kg?

19.6 N
B 25N
C 424N
D 49N
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8. Aboxis being pushed up a 25° incline with an applied force F,. The box experiences
friction. Which of the following correctly describes the net force on the box?
A F _=F —(mgsin 6+f)

B F _=F +mgcosf+f

ne

C F_=F —-mgcoséd

9. A 10kgbox rests on a 20° incline. What is the gravitational force component actin
perpendicular to the incline?

A 335N
B 47N
C 920N
D 98N
10. If an object remains stationary on an incline, what must be tr orces acting

parallel to the incline?

A The parallel component of gravity is greater than the fri8gfonal force.
B The parallel component of gravity equals the frigfional for
C The parallel component of gravity equals the ni fopce.
D The normal force equals the frictional for
SHORT RESPONSE

11. A 90kg snowboarder accelerates ujg
A Calculate the total resistance
B Calculate the speed of owbotrder after 100 m of travel down the slope.

lySrom rest at 2.70 m s down a 60° slope.
e on the snowboarder.

\

12. A3lkgchildona4.0k
20m s in 5.0 s dow .
A Calculate t ce on the child and luge system.
B  Find the nét fofg on the child 3.0 s after the start.
C Detergfline the maximum kinetic frictional force on the child and luge system.

rates uniformly from rest to a maximum speed of

CROSS- T UESTION

calis initially at the bottom of a frictionless ramp. It is then accelerated up the

of ramp with a continuously applied force of 1.00 N. The angle of inclination of the
Pis 42° and its length is 1.0 m.

A Atwhat velocity will the cart leave the top of the ramp?

B  How far away from the ramp will the cart land if the 1.00 N force is no longer applied

Q once it leaves the ramp?
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DATA ANALYSIS

14. Analyse data

A digital motion sensor was used to progressively measure the displacement of a
dynamics cart after it was released from rest and allowed to roll down a frictionless ramp.
A plot of the data is presented below.

Displacement down ramp vs time squared

N

1.20 A
£ 1.00 - o e O
[=X y=1 X“‘ﬂ
S ‘,-"
[ 0.80 ““'
5 -0
o Rd
° o*
£ 060 - SR
€ ‘¢‘.
@ o
8 ““‘
é‘ 0.40 . &
a ““

“
0.20 - _r®
Y
R
000 " T T T T T T >
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time s (s?

Determine the angle of inclination of e using this data.

15. Interpret evidence
A 20.0 kg trolley that was initj#

y at res®on a ramp was released. Its velocity was
, yielding the following data set.

Velocity (m s™)

d 0.30
0.20 0.60
0.30 0.90
0.40 1.2
0.50 1.5
0.60 1.8
0.70 21
0.80 24
0.90 2.7
1.00 3.0

Draw a conclusion about the magnitude of the frictional force acting on the trolley if the
ramp has an angle of inclination of 20°.
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CHZTER Circular motion

SYLLABUS

DOT POINTS
Ofve problems involving objects undergoing uniform circular motion at a constant
2

. 2nr 1%
speed usingv = — anda =—.
r

Describe the concepts of centripetal acceleration and centripetal force.

Solve problems involving forces acting on objects in uniform circular motion using

SCIENCE AS A HUMAN ENDEAVOUR
« Consider the international collaboration required to monitor the orbits of satellites, and
the management of space debris.

Consider the factors that contribute to positioning of satellites used for observation of
weather, natural phenomena, traffic and military movements.
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SCIENCE INQUIRY

+ Investigate the net forces acting on an object undergoing horizontal circular motion on
a string.
Physics 2025 v1.2 General Senior Syllabus © QCAA 2024

Introduction

An ice skater glides effortlessly in a straight line at constant speed. That is a consequence
of Newton'’s first law of inertia: a moving object travels at constant speed in a straight line
unless forced to change speed, direction, or speed and direction simultaneously. An ice
skater travelling at constant speed can change direction without a change of speed. Notg
the difference between speed (a scalar) and velocity (a vector). In order to change dire8

a force must be applied to the ice skater. If the force is applied continuously, the

change direction continuously; that is, follow a circular path.

Assessments Worksheets
® Learning checks 51, 5.2, 5.3 ®* Name
® Chapter exam P Name

- 2 Name
Practicals

® |nvestigating the magnification of'{
microscrope

To access resources above, visit

«l '
“ e N e lSO n Mi ndTa o cengage.com.au/nelsonmindtap
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periot® e time taken
for an object undergoing
circular motion to
complete one revolution

frequency the number of
times a circular motion
is completed in a time
period

ASSUMED KNOWLEDGE

v The circumference of a circle can be calculated from C = 27r.

v The radius of a circle is half the diameter D = 2r.

v The frequency (f) of a cyclic or oscillating phenomena is the number of cycles or
oscillations per second; units are hertz (Hz) or s

v The period (T) of a cyclic or oscillating phenomena is the time it takes for a single cyc
or oscillation; units are seconds (s). .

v Frequency and period of a wave can be calculated using the formula f =—.

distance
v Average speed can be calculated fromv_ =———

-
time
v Tension is a force that can be transmitted by a flexible medium such as or rope.
LEARNING OUTCOMES E

By the end of this chapter, you should be able to:

v describe the concept of uniform circular motion

v describe the concepts of average speed and pgfiod

v solve problems involving objects undergoing uRiform @ircular motion at a constant
2

speed usingv = ? anda_= v

v describe the concepts of centripe geler@ion and centripetal force
v solve problems involving forces actiMgon objects in uniform circular motion
2
. mv
usingf_ =F =
-
v explain how the centrig€tal e ns are derived using Newton’s second law and the

ojon
d centripetal theory to explain the advantage of having a

vector analysis of ¢j
use trigonomettj

rticles in magnetic fields.

Uniform circular motion

Ice skaters, cars, cyclists and runners as well as planets and satellites can all move at constant
speed while changing direction. Each motion can be modelled in terms of a point particle for
which the mass is concentrated at the centre of mass.

Period and frequency

Uniform circular motion of a point particle is described in terms of the radius of the circle, r, and
the time taken for the particle to complete one revolution, T, called the period.

For repetitive circular motion, such as a ball being swung around on the end of a string, the
time taken for one revolution, T, is related to the number of times per second that the object
describes a circle in a unit of time. The number of times per second is called the frequency, f. It
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is measured in units of hertz (Hz) or s'. For example, if a ball takes 0.1s to go
once around a circle (T = 0.1s), the number of times per second it goes around
is 10 (f=10Hz). Thus:

f=

~ e

Average speed and period

The speed of a particle, v, is related to the two fundamental variables of
distance and time. For uniform circular motion, the instantaneous speed at
any point, v,_, is the same as the average speed, v, , between any two points

or measured over one complete revolution (Figure 4.1.1). The distance covered
in one revolution of a circle is the circumference. Thus, from the definition of

average speed:

_ distance travelled
av

time taken
circumference
period
_2mr
2rr
vV=—
T
1
Butf = ?
v =2mrf

Since v, , and v, are the same for u

ni
will be dropped and the symbol, v, will sed:

&

ons of circular motion onto x- and y-axes.

rcydar motion, the subscripts

KEY CONCEPT
Circular functions

Circular functions.a

The role of thé Q

the way i B8Rk Mgles change. Angular measurement can be done in
rad s degrees.

ng problems in circular motion
iod and frequency

or 2xif in circular functions relate directly to

KEY FORMULA

Period and frequency

F=l
T
where: %
f=frequency (Hz or&)
T = period (s)

S

\ /
N s
~ —

~

FIGURE 4.1.1 In circular motion,
the velocity vector changes
direction continuously. It travels the
circumference of the circle in one
time period.

KEY FORMULA

Average speed and period

V=E:2ﬂrf
T

where:

r=radius (m)

T = period (s)

f=frequency (Hz)

v = average and instantaneous
speed (ms™)

or questions requiring the conversion of period to frequency or frequency to period follow the

steps below.

1. Read the question carefully.

2. Identify the variables and quantities provided.
3. Identify the appropriate equation:

1 1
f==orT=—
T f
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4. Substitute values, including units.
5. Solve the equation.
6. Check to ensure the question has been answered in the correct units.

Average speed, radius, period and frequency

For questions requiring the calculation of speed, radius, period or frequency follow t
steps below.

1. Read the question carefully.
2. Identify the variables and quantities provided.
3. Write the appropriate equation:
2
v="""orv= 2rrf
T

If necessary, transpose the equation to make the required variablg @
Substitute values, including units.

Solve the equation.

Check to ensure the question has been answered in the gprrectWgits.

WORKED EXAMPLE 4.1.1

A pendulum takes T =2 s to complete one full oscillation. Calculate th ency, f, of the pendulum’s motion.

NS we

ANSWER

1 Determine the formula. 1
The relationship is given by T = -

where T = time period (time taken for one complgte o on) (s)
f = frequency (number of oscillations sgfondM(Hz).
2 Rearrange to find the unknown.

Fol
=

3 Substitute the known values. @Q

fF=l
2

4 Calculate the answer.

7

Dgtermine the formula.
he relationship is given by the formula:

2nr
v="+

t

where r = radius of the circular path (m)
T =time period for one complete revolution (s)
v =velocity (m s™).
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3 Substitute the known values.
27 x7.0x10°
~ 6000

4 Calculate and state the answer.

v=7330ms"’ %
WORKED EXAMPLE 4.1.3 Q

A car moves along a circular track with a radius of r=50 m. It completes 5 revolutions every@ ulate the

velocity, v, of the car.

ANSWER
1 Determine the formula.

The relationship is given by the formula:

v =2nrrf

where r = radius of the circular path (m)

f = frequency of oscillation or revolution (Hz or s™)
v = velocity (m s™).

2 Substitute the known values.

v=2m ><50><i
60

3 Calculate and state the answer.
v=262ms"

LEARNING CHECK 4.1 &

DESCRIBING

1 Define: Q
a frequency

b period.

c
3 (Explaig why speeds rather than velocities are used for uniform motion.

ose V 22 and v = 2zrf to make equations with the following subjects.
e
b T
c f
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S

Weblink
Visual understanding
of centripetal
acceleration formula
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APPLYING

5 Find the frequency for an object that has a period of:

a 50s
b 0.34s
c 2.8x1073%s.

6 Find the speed of an object moving at uniform circular speed for:
a radius=1.2m; period=0.3s

b radius=0.37m; period=2.9x10?s
¢ radius =1.5x 108 km (Earth’s orbital radius around the Sun), period = 365
d radius =0.2 m; frequency = 15 Hz.
7 Determine the period of an object with frequency: O

a 12Hz
b 49x10%Hz
c 2.5x10™Hz.

8 Determine the period of an object moving at uniform circulaMgbeed with radius 35 m
and speed 4.2 x 10’ ms™.

9 Determine the velocity, in m s™, at the equator of Ea ivegr the radius is 6.4 x 10°m
and the period of one rotation of Earth is one g@y.
10 Find the radius of orbit for an object moving afnifogh circular speed for:

a speed=3.0x10°m s7; frequency = 3. z
b speed=4.5ms”; period=28d

ANALYSING

11 From the point of view of
moving away in a strai
Jupiter’'s moons, is r
on Earth wants tgffind

ahver on Earth, the planet Jupiter appears to be

algfig its orbit around the Sun. Ganymede, one of

vards the observer as it circles the planet. The observer
ed of Ganymede relative to them.

a Describe cal@ulations the observer must undertake for both Jupiter
and Gag@lymed
b IdeptifyShe dafa the observer needs to collect.

r & is the angular speed for an object moving with uniform circular

elve-inch vinyl record rotates at 33.3 revolutions per minute (rpm). Point A is
halfway from the centre to point B, which is on the edge of the record. Calculate the
ratio of the speed of point A to the speed of point B.

S

Centripetal acceleration and force

Uniform circular motion means that the speed is constant. But the speed is constantly

changing direction. Consequently, the velocity changes. This velocity change occurs over a
time interval. Thus, circular motion is accelerated motion. According to Newton’s second
law, this acceleration is caused by a net force and affected by the mass that is being forced to
change its state of motion.
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Centripetal acceleration

An object circling around a point must be forced (pushed or pulled) continuously

inwards. Therefore, the acceleration is directed inwards towards the centre of the circle. KEY FORMULA
In the case of uniform circular motion, the acceleration is always directed towards the
exact centre of the motion. Figure 4.2.1 justifies this assertion. Centripetal acceleratipn
Centripetal accelgra Is
v the change in wloci
a period.
& Av
a =

FIGURE 4.2.1 Derivation of centripetal acceleration: two velocity vectors of e
magnitude are separated by a time interval, which is represented by the angl tgen
the equal magnitude radius vectors.

The change in velocity is:
Av = v, —
v, + (=)

This is shown geometrically as a vector subtra

g Figure 4.2.3.

over the time interval:

The average acceleration, d,, is the changej

Y -
At

The direction of the aver§ge g€celeration vector is the same as the direction of the change in
velocity vector. They bg t s the centre of the circle.

v (.:o

e and acceleration

orces and accelerations are not forces in themselves. A centripetal force may
y a tension force (as in a ball swung on a string), a gravitational force (as in a

atellite circling Earth), an electrostatic force (as in an electron circling the positive nucleus
of anatom) or any other force.

For uniform circular motion, the change in velocity is smooth. The instantaneous change
of velocity vector for a time interval occurs approximately halfway through the time interval.
The smaller the time interval, the closer this approximation comes to the actual value. In the
limit, when the time interval approaches zero, the change in the velocity vector points directly
towards the centre of the circle. The average and instantaneous acceleration vectors become the .
same. Acceleration always points to the centre of the circle. This pointing to the centre is called g:ztkri'npgft:ilrgs: et;et_ owards
centripetal; the acceleration is a centre-seeking, centripetal acceleration. the centre
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The relationship between the speed and the radius can now be deduced. In Figure 4.2.2,
the length of the circumference interval, vAt, is approximated by a straight line because the time
interval is very small. The vector subtraction in Figure 4.2.3 is similar to this triangle because
both triangles are isosceles triangles with the same angle between the equal sides.

0 Binst * AV
(halfway
through

time
interval)

V2

FIGURE 4.2.2 For smooth changes,
the instantaneous acceleration occurs Vi ay,
approximately halfway through the time

interval. For very small time intervals, the

approximation becomes 5 =a st THE Fi QL The .change of velocity is a
acceleration is centripetal (centre seeking). © ector difference.
Av  As
For small Af, — = —, where As = g
vooor

Therefore =~ Av

v
v
At
KEY FOR A KEY FORMULA
2
a’ _An’r
T2
g where:
acCeleration (m s?) a = acceleration (m s?)
=speed (ms™) r =radius (m)
radius (m) T = period (s)

. L I 2zr - - .
This equation links a, v and r. By substituting v = Tr into this equation, a related equation
can be deduced to connect a, rand T:

(21
-

T2
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Net force causes circular motion -,

1
An object moving in uniform circular motion undergoes centripetal acceleration. This means
that the net force applied to the object is also directed towards the centre. Another name for Weblink
this net force is centripetal force. Centripetal force is not a kind of force like the normal force, What is centripetal force?

friction, tension, gravitational force, electrostatic force or magnetic force. These forces are real
forces in their own right. Centripetal force is the name given to the sum of the real forces that
act on a particle to cause it to undergo circular motion.

Newton’s second law applies to circular motion as follows. The centre-seeking (centripetal)
acceleration, a, on a mass, m, is caused by a net force, XF:

. XF
a=—

m
SF = mad

By substituting the expressions for acceleration derived in section 4.2,
equations can be derived for the net force:
When m, v and r are provided:

; re:
SF=m v >F =net force directed towards
r the centre of the circle (N)
When m, r and T are provided: m = mass (kg)
- antr v=speed (ms)
XF =m e r=radius (m)
T = period (s)

Types of force that contribute to net g

circular motion. Real forces include
, gravitational force (weight) and

Real forces are responsible for the net force thag
electrostatic forces (normal, friction, electgf,
magnetic forces.

The normal force is always at right les urface. For example, it is the normal force
that causes a person to go around ipside a Wan-park rotor (Figure 4.2.4).

Friction by the ground on an ch as an athlete’s foot or the tyres of bicycles or the
wheels of cars, causes the objegt'to rners. In terms of Newton’s third law, the action force
applied by the object on th ace, which is directed away from the centre, is equal to the
opposite reaction force S e on the object. It is this reaction force by the surface on the
object that causes the ange direction.

Shutterstock.com/supergenijalac

F (by road on wheel)

FIGURE 4.2.5 The outwards directed
action force by the car on the surface
affects the surface. The inwards reaction
force applied by the surface friction on
FIGURE 4.2.4 The normal force, N, applied by the the wheels of the car causes the car to
rotor wall causes a person to move in a circular path. move in a circular path.

9780170483704 CHAPTER 4 | CIRCULAR MOTION 71



Tension force by a string makes it possible to whirl an object around in a circle (Figure 4.2.6).
Gravitational force is responsible for the motion of the Moon and other satellites around
Earth, and the planets around the Sun (Figure 4.2.7).

,VL-}-—”’_{M
%«, Q\)@ ) Gravitational force
N\

FIGURE 4.2.6 The horizontal component, T,, of the force applied by the string in >
tension, T, on the toy plane causes it to move in a circular path. igfa circular orbit.

Electrostatic force causes moving charged parficles’tgfcirculate around a central charge,
such as the electron in a hydrogen atom, whiclf®igcle nd the proton (Figure 4.2.8).

Magnetic forces act at right angles to the charged particle streams to cause them
to travel in circles. This occurs in a mas ropeter where ions are given kinetic energy and
then injected into a magnetic field (Figur&4.2.9). The different circular paths depend on the
charge and mass of the ions.

One or more of these forg
example, the normal forc
motion around the ba a velodrome. These two forces combine to produce the net
force on the cyclist. ¥hifygum 0f forces is centre-directed, hence centripetal. This centripetal
force is the sum itferent¥orces but is not itself a new kind of force.

n Anode
Gas D Electron beam

— —1—Cathode
C

A | I_ B
onYforce - — il
Electron (I Positive ion beam
Proton

2r

Vacydm chamber (F)

Magnetic field
perpendicular to
the diagram

FIGURE 4.2.9 In a mass spectrometer, the force applied by the

FIGURE 4.2.8 The electrostatic force applied by the magnetic field on the flow of charged ions causes the ions to
central charge (proton) on the moving electron causes move in circular paths whose radius depends on their mass. The
the electron to move in a circular orbit. smaller the mass, the smaller the radius.
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PRACTICAL ACTIVITY 4.21

NET FORCE AND CIRCULAR MOTION

Introduction
A mass can be whirled around in a horizontal circle on the end of a string. For a particular radius, the forc@e

the mass is related to the frequency:
F(by string on mass) = g =27nrf O

F (by string on mass) O
=f=
2nr

In this practical activity, the radius is kept at a constant length, the force is changed ency is measured.

Research question

How does the force acting on an object travelling in uniform circular motiog#&ffect the¥requency of rotation?
Aim

To determine the relationship between net force acting on an objectWrav&llig in uniform circular motion and its

frequency of rotation

Materials

+ two-hole rubber stopper

+  2m of strong inextensible string (or fishing
+ 15-20cm long glass or plastic tube wigt p
« 30 metal washers of equal mass

« crocodile clip

* metre ruler
+ stopwatch

Risk assessment

& What ar. *.e n>«s in doing this experiment? How can you manage these risks to stay safe?
RISK
ASSESSMENT ‘ '

Co@@wte the risk assessment table in your write-up. Add any more risks you can think of, and ways to
get

a m. Ask your teacher to check your table before you proceed.

dure
Tie the rubber stopper securely to one end of the string.
Pass the string through the tube.
Measure 40 cm of string from the top of the tube to the stopper.
Attach the crocodile clip to the string just below the bottom of the tube.
Attach and secure 30 washers or a brass mass to the end of the string.
Hold the tube vertically and whirl the rubber stopper around in a horizontal circle (Figure 4.2.10).
Measure and record the time taken for 20 revolutions of the stopper for three trials.

0 N & O b~ WD

Repeat the procedure with different numbers of washers or masses; for example, 25, 20, 18, 15, 10.
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Crocodile clip O

FIGURE 4.2.10 Whirl the rubber stopper in a horizontal circle. Note that the odile
clip must always remain a fixed distance below the bottom end of thegfibe.

Data analysis
1 Plot a graph of frequency against mass.

2 Describe mathematically any justifiable relationship between frequ force applied.

Analysis of results
1 Explain why it is important not to allow the crocodile toucH the tube.
2 Draw a free-body diagram to show the:

a forces applied to the rubber stopper

b net force on the rubber stopper. &
Evaluation
3 Summarise the relationship idepfffie

Q~ Uniform circular motion on a
KEY FORMULA
banked track

A car that travels horizontally around a banked roadway at constant
speed is acted upon by two forces: the normal force and the weight

F_=mg ti@ force (Figure 4.2.11). Friction is considered to be negligible in
2

For forces when ingon a
banked road

this analysis.
The normal force and the weight force are vectors. The vector
sum is equal to the net force, which is horizontally directed towards
or sum of the normal force and the the centre of the curve of the road. The net force can be found in

mg tan

eight force (N) terms of the weight force and the angle of banking of the road:
m = mass (kg) P
v=speed (ms™) Znet _ tang
r = radius (m) w
6= angle of banking (°) E =wtan6
g = acceleration due to gravity, 9.80 m s =mgtan 6
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L)
A '|:

Weblink
Vertical circle simulation

: o
X

F

net

FIGURE 4.2.11 (a) Forces on a car cornering on a frictionless banked road. The ngj force e
horizontal component of the normal force. (b) The vector sum of the forces. Notggthe gouble-headed
arrow indicating resultant or net force.

2
my
mgtanf = —

B
2
v
gtanf = —
v
Friction by the road is never really negligi riction force acts

parallel to the slope and against the object’s ion

Vertical circular moti

Motion in a vertical circle can bgfquite coniplicated to analyse; however,
forces at the upper and lowergpoSigions gire relatively straightforward. An
object on the end of a strin€, sg®h as a toy aeroplane (Figure 4.2.12), is

subject to two forces: te , weight, w. These combine to form the
net (centripetal) force ject at the:
e top:T—w = Q~
2
mv
« bottomy —_
r

e opfect is travelling at constant speed, the tension at the bottom
greater than at the top.

A car travelling at speed v is subject to the normal force, N, by the road and

e'weight force, w, on the car. These combine to form the net (centripetal)

rce on the car when travelling over a hill (Figure 4.2.13) or through a dip

in the road.
Travelling over a rise:

FIGURE 4.2.12 An object being whirled

w_N =T in a vertical circle. Note that the F_is
r centre-seeking; F, acts downwards and
5 F, acts towards the centre of the circle.
my ;
N = - mg F, and F, do not often act in the same

direction in non-uniform circular motion.

9780170483704 CHAPTER 4 | CIRCULAR MOTION 75




FIGURE 4.2.13 The net force for a car travelling over arise is downwards.

This means that it is possible for the normal force applied by the road on the @ d
to zero:

a:v__gzo

r
2
Ozmg—ﬂ %
r < r

The faster the car travels over a rise, the less conffol gfie driver can exert on the car,
because it is the normal force that governs the abj
road in order to change direction as the force offfri is the product of the coefficient
of friction and the force normal. When the m e is reduced to zero, the speed is
V= \/g7 and the car becomes airborne, there ntrollable.

Travelling through a dip:

river to exert a force on the

0]

N

2

N=ﬂ+mg
r

This means that t#fe Tagter tHe car travels through a dip, the greater the normal force applied
on the car by t rface Wigure 4.2.14). Steering may become more difficult because the
larger normal,fofge meghs that more effort is needed from the driver to change direction.

X

FIGURE 4.2.14 The net force for a car travelling through a dip is upwards.

REMEMBERING

a centripetal force
b uniform circular motion.

2 Use a diagram to identify the directions of velocity and centripetal acceleration acting on an object at both the
top and bottom of a loop when it is being spun vertically in a circle.
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3 Name three different forces that enable objects to travel in circular paths.

4 Draw a free-body diagram to show the forces applied on a car that is travelling on a banked track in a horizontal
circle. From this diagram, sketch a vector diagram to show the net force on the car.

5 Explain why an object in vertical circular motion experiences varying tension forces throughout the motion.
6 Explain why there is a maximum speed at which it is possible to steer a car while travelling over a rise in the%

APPLYING

7 Copy and complete the following table for centripetal acceleration and force. OQ

o
1.0 2.0 0.55 O
400 20 150

1.5x 10° 28 50

ANALYSING

8 A 400kg motorcycle travels around a corner of radius 80 m at 25 m s@. Cafculate the net force applied by the
motorcycle on the road.

9 A car of mass 1500 kg travels over a hump in the road that formg th of a circle with radius 25 m.

a Calculate the maximum speed the car can travel while ju ayNgeContact with the road at the top of the hump.
b Determine what would happen if the car exceeded that

10 Figure 4.2.12 illustrates a situation in which tension .@; tring is providing the centripetal force required
to keep an object in a vertical circular path. Consider &0llercoaster travelling through a section of track in a
vertical loop. Deduce what is providing the re centfpetal force in this case.

V4

Solving p s with centripetal

force celeration

When solving proble [viRg acceleration, speed, radius and period for circular motion,

follow the steps belg

b

Read the que elully.
Visualise 3ch the real situation described.
Identif ables provided.

and T with the equation:

b Connect a, vand r with the equation:

v
a=—
r

c Connecta, rand T with the equation:

_ aAr’r

=5
Transpose the equation to make the required variable the subject.
Solve the equations.
Check to ensure the answers are those required.
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WORKED EXAMPLE 4.3.1

An object accelerates at 25 m s2 when swung in a circle of radius 80 cm. Calculate the:
a speed of the object

b period of rotation.
ANSWERS %
a 1 Determine the formula.

a=—
r

2 Rearrange the formula to find the unknown.

v=+lar O
3 Substitute the known values. Q~

v=425ms?x0.80m

4 Calculate the answer.
v=45ms” (447ms™)

b 1 Determine the formula.
2nr
V="
T
2 Rearrange the formula to find the unknown.
_2xamr
v

T

3 Substitute the known values.

T:2><7r><0.80m

T=11s

447ms™
4 Calculate the answer. O

ol roblems involving forces and circular motion, follow the steps below.
estion carefully.
ise or sketch the real situation described.
a free-body diagram.
Identify each real force acting on the object in question. (Do not make the mistake of
adding centripetal force as a separate force - it is the vector sum of all the real forces

acting on a single object.)

b Write each force in the form: F(by A on B) or use the symbols provided in the question.
c Identify the direction of the centripetal acceleration or net force.
d Add any data provided in the question.
Consider the application of Newton’s laws to the question asked.
a Newton’s second law: the equations relate to XF = ma.
b Newton’s third law: the inwards force can be the reaction to an outward push.
Set up any equations, using the symbols from the free-body diagram.
Transpose the equation to make the desired variable the subject.

=

Solve the equations.
Check to ensure the answers are those required.

® N o w
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WORKED EXAMPLE 4.3.2

A 250 g aeroglider on the end of a string is swung in a horizontal circle with a radius of 1.2 m. The aeroglider makes
arevolution every 2.0 s.

a Calculate the horizontal component of the tension force applied by the string to the aeroglider.
b Calculate the acceleration of the aeroglider. Q%

¢ Find the force applied by the aeroglider to the string.

ANSWERS
a 1 Sketch the situation. O

2 Determine the formula.
The horizontal component of the tension keeps the®groglider in the circle (the vertical component of the

tension balances the weight, but neither, otion at right angles to their direction of action).
Set up the appropriate equation an

IF=T,

_ Ar’r
hT m?
3 Substitute the known va@
2
T =0.250kgx ‘i’%
4 Calculate thQ‘

e formula.
tH®application of Newton's second law.

om
C)stitute the known values.

30N
0.250kg

3 Calculate the answer.
a=120ms>

T

¢ 1 Determine the formula.
Consider the application of Newton'’s third law.
The tension applied by the string in the aeroglider is equal and opposite to the force applied by the aeroglider
on the string:

|F(by aeroglider on string)| = |T|
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F (by aeroglider on string) = \/W
T,=3.0NandT -mg=0

2 Substitute the known values.

T, =0.250kg x 9.8 ms™

3 Calculate the vertical tension. %
T, =245N

4 Calculate the force.
F (by aeroglider on string) = \/(3.0 N)? +(2.45N)>? O

=39N O

Recall that the centripetal force is the resultant of actual forces % may be represented
by gravitational force, tension force, electromagnetic force, elect force or any other force.
Hence, each formula below may be used to determine F.

Mi
F = GMm

WORKED EXAMPLE 4.3.3

A proton of mass 1.67 x 107%’ kg travels east 0 m$gfto a magnetic field acting into the page and with a
magnetic field strength of 50 uT.
a Draw a diagram of the situation.

b Calculate the net centripetal forcg adting og'the proton, including its direction.
c Determine the radius of curvaifire gftheproton.

ANSWERS
p+

Vv,

X
X

Y

east

X XX X
X X

X X
X X X X
X X X X

b 1 Determine the formula.
F.=Bgqvsind

2 Substitute the known values.
F.=50x10"°x1.6x10™" x10 x sin90°
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3 Calculate the answer.
F =8.00 x 102N

The direction is at right angles to the velocity and the magnetic field; that is, initially it is forced up the page.
(This is Fleming's right hand rule applied.)

¢ 1 Determine the formula.

LetFC: ’ : Q
e
2 O

Rearrange to find the unknown.
mv?

=
F

Cc

3 Substitute the known values. :
167 x 107 x (10)2
~ 800 x 102N

r

4 Calculate the answer.
r=2.08 x 10°m

WORKED EXAMPLE 4.3.4

A car of mass 1500 kg travels horizontally at 20 m s™" ar a bend that is banked at 10° to the horizontal. Friction
along the slope is negligible.

a Calculate the normal force acting on the ca

b Calculate the net force acting on the ca

¢ Determine the radius of curvature of d.

ANSWERS
a 1 Sketch adiagram to helpfVisualise the scenario.

2 Determine the formula.
From the vector diagram:

£=cos(-)
N
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Rearrange to find the unknown.
w

" cosf
Substitute the known values.

N = 1500 kgx9.8ms™
cos10°

Calculate the answer.
N=1.49x10°N

Determine the formula.

Z—F=tan0

w

Rearrange to find the unknown.
>F=wtanf

Substitute the known values.
Y~ F=1500kgx9.8ms?xtan10°

Calculate the answer.
> F=2.59%x10° N, centre-directed
Determine the formula.

Substitute the known values.
(20ms™)?

f=—MM

9.8ms? xtan10° &
Calculate the answer.
r=5.23m @
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WORKED EXAMPLE 4.3.5

A 0.20 kg aeroglider is whirled in a vertical circle on the end of a string of length 0.60 m at a constant speed of
3.0m s™". Calculate the tension in the string at the:

a top of the circle
b bottom of the circle. %

ANSWERS

a 1 Sketch adiagram to help visualise the scenario. O

2 Determine the formula.

V2
SF=T+w=m— &
7

T+w= m—

3 Rearrange to find iffe

= m— —-mg,
4 Substit wn values.
-1\2
&) —~0.20kgx9.8ms™
0 60m
the answer.
T=%.0N

etermine the formula.
2

SF=T-w=m’"
p
2

v
T-w=m—
p

2 Rearrange to find the unknown.
2

T=mv—+mg
r
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3 Substitute the known values.
(3.0ms™)?

T =0.20kg x
0.60m

+0.20kgx9.8ms™

4 Calculate the answer.

T=50N %
LEARNING CHECK 4.3 O

DESCRIBING
1 Recall how to determine the radius of the path a charged particl s ill travel
when entering into a magnetic field at velocity v.
2 Transpose the following equations to make v and T the su speetively.
v2
a a=—
-
4n’r
b XF=m T2
APPLYING
3 A 1.2t cartravels around a horizon valof radius 120 m at 100 km h".

a Calculate the acceleration of t
b Determine the force appligd by th r on the road.

4 Avelodrome is banked gt % kg cyclist travels horizontally at 18 m s~ around the
negligible.
a Calculate the

b Calculatet jus

ng on the cyclist.
urvature of the cyclist’s path.

5 The bottongffof a rgllerCoaster ride has a track with a radius of curvature of 28 m. The
ride pagsesghis p@int with a speed of 12 m s™'. Find the normal force on a 50 kg person

er a crest in the road that has a radius of curvature of 34 m. Determine
at which the car will lose contact with the road.

r travels through a dip in a road that has a radius of curvature of 45mat35m s™.
ulate the force applied by the seat of the car on the 82 kg driver.

O ANALYSING
< l 8 The acceleration of an object travelling with uniform circular motion in a horizontal

circle of radius r and period T is 2572
Determine the period of this motion.

9 An alpha particle (a helium nucleus) with the mass of two protons and two neutrons
travels to the right at 15 m s™' into a magnetic field acting into the page and with a

magnetic field strength of 35 4#T. Determine the magnitude and direction of the force
acting on the alpha particle as it enters the field.
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Variables in circular motion calculations CHAPTER

«  Uniform circular motion of a point particle is described in terms of the radius of the circle, SUMMARY
r, and the time taken for the particle to complete one revolution, 7, called the period.

«  The number of revolutions per second is called the frequency (Hz).

_1
f_T

Speed versus velocity

an object is moving along a circular path. However, velocity is a vector quantity that

«  Speed is a scalar quantity and therefore only measures the magnitude of how fast O
measures both the magnitude and direction of the object’s motion.

« Inuniform circular motion, the magnitude of how fast the object is moving re
constant as the object covers equal distances in equal time intervals. This m e
speed is constant.

«  However, the direction of the velocity is always tangential to the patht t otion,
meaning the velocity vector continuously changes direction (to regsei ial to the
circle), meaning the velocity varies:

27r
V=—=2T7
T rf

Centripetal acceleration and force

«  Centripetal acceleration is the acceleration o
centre of the circular path, resulting fro cop
object’s velocity in circular motion.

ect, always directed towards the
ous change in the direction of the

Centripetal force is the force keeping the object in motion along the curved path, always
directed towards the centre of the curved path. The force is the sum of the real forces that
act on the object to cause it to undergo circular motion. This force can be provided through
the sum of any real forces like weight, tension, electrostatic or electromagnetic forces.

2
E, :ﬂ:qusinezGNimzmg—kq—Q
r d?

C
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MULTIPLE CHOICE

CHAPTER

EXAM 1. Which of the following types of force could be responsible for an object moving on a
circular path?

A Tension force, magnetic force, centripetal force and gravitational force

B Centripetal force, electrostatic force, gravitational force and net force

C Net force, magnetic force, gravitational force and electrostatic force

D Tension, gravitational force, electrostatic force and magnetic force

2. A 25gobject takes 135 to revolve 15 times around a fixed point. Calculate the §peed Qf t
object when it is 45cm from the fixed point.

A 33ms!
B 33cms™
C 0.82ms™
D 8.2x107%cms™!
3. Anobjectis rotating at 1200Hz at a speed of 2.5 x 10°m s™. t is its acceleration?

A 1.88x10"ms™?
B 1.88x10°cm s>
C 1.88x10°ms?
D 1.88x10°ms™

4. Arollercoaster car turns right on a horizo ‘@ at 10m s~'. At this point, the track has
aradius of curvature of 25m. Whatj aonitude and direction of the force applied by
the seat on a 50kg person sitting in ar?
A 290N, right
B 290N, vertically up
C 690N, vertically
D 690N, vertical

5. Acar travelling m ¥ encounters a speed hump. At this speed, the car just leaves
the road. W as th&radius of curvature of the speed hump?

A 80
B 4
C b-
tioRs 6-8 relate to the following information.
200Kkg car travelling at 6 m s™ rounds a turn of 30m radius.

What is the centripetal force on the car?

A 48N
B 147N
C 240N
D 1440N
7. Ifthe car rounds the same turn at 12m s™, the required centripetal force is:
A halved.
B  doubled.

C thesame.
D quadrupled.
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8. The maximum centripetal force that friction can provide the car on a rainy day is 8000 N.
What is the highest velocity at which the car can round the turn?

A 14ms?
B 77ms?!
C 200ms?
D 40kms?!

9. Which of the following best defines the period of an object in circular motion?
A The time taken for the object to complete one full revolution
B  The speed of the object at any point in the circular path
C The distance covered in one second
D The radius of the circular path

10. A 2kgobject is moving in a circle of radius 3m at a speed of 6m s™'. What is its Q~O

centripetal acceleration?

A 9ms>
B 12ms?
C 18ms™
D 36ms?
SHORT RESPONSE
11. A 65kg motorcyclist rides a 350kg motorcycle at a constant £100km h™' around a

horizontal bend of radius 85m.
a  Calculate the force applied on the motorcyclist.
b  Determine the force applied by the motggewgle and®ider on the road.

12. A woman swings a bucket of water ata c st city in a vertical circle 100cm
in radius
a  Ifthe water is not to spill, wh thegmigfmum velocity the bucket can have?

b  Determine the period of refolutign.

CROSS-CHAPTER QUEST}ON, )

13. The diagram shows a 1% r wavelling in a horizontal circle of radius 265m on a road
that is banked atq

a  Copy the diagram and draw force arrows to show all the forces acting on the car.
b  Calculate the:

i acceleration of the car

ii speed of the car.
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14. A hammer thrower can project the hammer at an angle of 42° and the hammer lands
86.5m away. If the effective radius of the circular path of the hammer before being
released was 2.17m and the hammer has a mass of 1.65kg, determine the force exerted
by the hammer thrower in swinging the hammer.

DATA ANALYSIS

15. Interpret evidence
An experiment was set up as shown. In this set-up, the weight of the hanging e
transmitted through the string provides the centripetal force required to kee
stopper in a circular path.

e Path of orbit created by
% swinging rubber stopper
\ around to maintain a
~ radius (r) of 0.5 m

Rubber stopper
of mass m

Tube used as a handle to swing
rubber stopper around

cah move
through tube

Sensor used to
measure period of
orbit (T) of stopper

Changeable
Q hanging mass
; The following data was collected with the objective of indirectly determining the mass of

the rubber stopper using the laws of centripetal motion.
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Trial Hanging | F_ reading | Period of | Velocity of rubber Experimentally
number mass on force orbit T (s) stopper v(ms™) determined mass m
() EC ()] of the stopper
2
F. = Fnet = wd
r
1 0.100 0.981 1.41
2 0.200 1.962 1.01
3 0.300 2.943 0.81
4 0.400 3.924 0.71
5 0.500 4.905 0.66
a  Draw a conclusion about the accuracy and precision of the force meter. y YQur
conclusion using quantitative aspects of the data.
b  Calculate the values for the two last columns on the data table
¢  Determine the average experimentally determined mass m (kg) o bher stopper.

d Determine the percentage error of the experimental value ine@yigpart c if the
mass of the stopper was accurately found to be 49.0g usingfan éfecltonic balance.

A
Qg/C)
Q.
C)O
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CHAPTER

5 Gravitational force and field strength

SCIEN

DERSTANDING

SYLLABUS
DOT POINTS

Describe the concept of gravitational fields.

Solve problems using the gravitational field strength at a distance from an object using
F GM
g:—:—z.

m r
SCIENCE AS A HUMAN ENDEAVOUR

Explore the international collaboration required in the discovery of gravity waves
and associated technologies, e.g. Laser Interferometer Gravitational Wave
Observatory (LIGO).

Physics 2025 v1.2 General Senior Syllabus © QCAA 2024



Introduction

Newton’s universal law of gravitation was developed from the prior observations and work
of Brahe, Kepler, Copernicus and others. In this chapter, the nature of gravitational fields

is explored, including the historical models of gravity and the development of Newton’s
universal law of gravitation. The inverse-squared nature of the gravitational force is
demonstrated and the magnitude of the force is calculated for a range of scenarios.

Assessments Worksheets
® Learning checks 51, 5.2, 5.3 ®* Name
® Chapter exam ® Name

. ® Nop
Practicals
® Acceleration due to gravity using an
inclined plane (online only resource)
The inverse-square law (online
only resource)
The variation in gravitational force

between objects due to mass and
distance (online only resource)

To access resources above, visit

«l '
“ e N e lSO n Mi ndTa P cengag >.com.au/nelsonmindtap
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Weblinks
The history of gravity

How to think about gravi

Misconceptions
about gravj

towards Earth

empirical methods

the central tenet of

the scientific method
whereby hypotheses are
tested by observation
and experimentation

ASSUMED KNOWLEDGE

v Force and acceleration are vector quantities with Sl units of newtons (N) and

m s2 respectively.

The Sl unit for mass is the kilogram (kg).

The Sl unit for length, distance or displacement is the metre (m).

The average value of gravitational acceleration on the surface of Earth is 9.8 m s2.
Gravitational force can be calculated using F, = mg.

Gravitational potential energy can be calculated using E = mgh.

S S S S KS KL

Kinetic energy can be calculated using E, = %mvz.

the force: W =Fs.
v Aninverse-square relationship between variables x and y means .

v Work done is a function of the force applied as well as the movement in @ tion of

v A non-contact force is a force that can act on an object with edyphysical contact.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:
v describe the law of universal gravitation

v compare the scientific models of gravity p d by Aristotle, Galileo, Brahe, Kepler,
Copernicus and Newton
v solve problems involving the mag f the gravitational force between two masses
. GMm
using F = 5

dal fields
tational field strength at a distance from an object

v describe the concept of gra
v solve problems involyifig

. F GM
usingg=—-=
m
v describe th rgy tragpsformation occurring as an object moves in a gravitational field
and perform the r8levant calculations to quantify this
v apply i quare law to interpret gravitational data.

The history of gravity

hy do things fall to the ground? To us, this seems obvious: gravity pulls objects down
towards Earth. For Aristotle (384-322BCE) and his contemporaries, the answer was also
obvious: things fell to the ground because they were made of earth, and earth naturally
moved towards Earth. They had a kind of heaviness or ‘gravitas’ that enabled them to fall
straight down.

The emergence of empirical methods to test Aristotle’s ideas led to the development
of kinematics (the relationship between measurements of distance and time) as a way of
understanding motion. It was not until the 15th and 16th centuries that actual experiments
on projectiles and the motion of falling objects were carried out. The most significant of these
experiments were undertaken by Galileo Galilei (1564-1642), who showed that falling objects
accelerated uniformly towards Earth. This was famously conducted using an inclined plane
that decreased the acceleration due to gravity to just a fraction of the vertical acceleration
(Figure 5.1.1).
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From the mid-17th century, Isaac
Newton (1643-1727) united the work in
gravitational acceleration of those scientists
who preceded him, including Nicolaus
Copernicus (1473-1543) and Johannes
Kepler (1571-1630). By 1687, Newton had
developed a description of gravitational
force to involve a relationship between
force, mass and distance that obeyed an
inverse-square law.

This law was because
it incorporated all motion and could
be applied to Earth as well as across
the universe. Newton’s understanding
of gravity was built on the impressive
measurements of Tycho Brahe and the
mathematical interpretation of these
data by Johannes Kepler. Earlier work

‘universal’

FIGURE 5.1.1
plane to experimentally determine a v.
acceleration due to gravity, ‘g’.

well as data from the Royal Observatory at Greenwich contrib
the universality of his gravitational theory.

Newton’s law of universal gravitation remained p
(1879-1955) made significant modifications in his 1
of relativity. These changes, and the expansio igh-
astronomical observations during the past 1
universe immensely. Current theories of d t
on our developing understanding of gray

Edmund Halley (1656-1742), Rob€rtWlooké®(1635-1703) and Newton all
recognised that the elliptical orbi lanet®, first described by Kepler, could

be explained by a force that d ded ol the object’s distance from the Sun.
Newton wrote to Halley: ‘IS n lished that this force is gravitas, and
therefore we shall call it s £ now on.” Newton used the Aristotelian

idea of ‘heaviness’ to
In 1687, New
in which he desé

at we now refer to in English as gravity.

KE

f ufliversal gravitation

where:

F = gravitational force (N)

G = Newtonian constant of gravitation (6.67 x 107" N m? kg?)
M = mass of object 1 (kg)

m = mass of object 2 (kg)

r=radius or distance between the objects (m)

9780170483704

Galileo Galilei used the i

.

d until Albert Einstein
article on the general theory
ality Earth- and space-based
ve enhanced our knowledge of the
d dark energy are significantly based
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e

quare of the inverse of

GMm
r? )

1
yo<—(eg.F=
X

by Nicolaus Copernicus, itself indebted to the accuracy of Muslj S ers such as
Muhammad al-Battani (850-929) and Galileo on the motion of the pian ound the Sun, as '|:
to

on’s confidence in

«l

Weblink
Newton's law of
universal gGravitation

PHILOSOPHI A

NATURALIS

PRINCIPIA
MATHEMATICA

Autore ¥ 8. NEWTON, Trin. Cal. Cantab. Soc. Mathefc
Profeffore Lucafiano, & Sociecatis Regalis Sodali.

IMPRIMATUR:
S PEPYS, RgS:.PRESES
Fali 5. 16864

i x LONDINT,
o ittatis Regie ac Typis Fofepbi Srcater. Proftant Venra-
lesapud Siar. Smith ad inﬁ;:n'n?l’rimipis Wallie in Coemiterio
D. Pani, aliofiy; nonnullos Bibliopolas. Ame MDCLXXXVIL

FIGURE 5.1.2 Philosophiae Naturalis
Principia Mathematica is a book by Isaac
Newton in which he discusses the laws
of motion and universal gravitation.

the independent variable,

Wellcome Collection CC BY 4.0
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LEARNING CHECK 5.1

DESCRIBING

1 State a contribution to the understanding of gravitational acceleration by each of
these scientists.
a Aristotle c Galileo
b Einstein d Newton

Identify the term that Aristotle used to describe heavy objects falling toward

iE 3 State two examples of inverse-squared relationships in physics. You may ref
R Formula and Data Book.
DATABOOK 4 Describe the key difference between the scientific methods applie
and Galileo.
5 Determine the force of gravitational attraction between am kg and Earth

5.97 x 102 kg at the surface of Earth (r=6.38 x 10°m).

APPLYING

6 Explain why the term ‘universal’ is applicable t 'S of gravitation.
ANALYSING

7 Predict the net difference (increases, dec emains the same) for the value of

the gravitational force, F, when the,

a mass, M, increases
b radius, r, increases.

REFLECTING
8 Construct a histg elpe for the development of our understanding of gravity,
including the f Affgftotle, Copernicus, Galileo, Brahe, Kepler and Newton.

9 Calculatet ravita®onal force between two masses of 50 kg at distances of 10 m
and 20 verif§§the inverse-squared relationship between force and distance.

potential energy energy
stored in a system

due to the interaction
of components in the
system via forces; ene
stored in a field; gj
a system the abijffty to

Gravitational potential energy

Energy may be classified in two distinct types:
KEY FORMULA kinetic energy and potential energy. Energy is
transferred when a force acts over a distance. When
a force, F, acts on an object and moves it through
some displacement, s, in the direction of the force,
work is done.

where: Both force and displacement are vectors; however,

Work

W=Fs

VI‘-{: \fNork (‘:3 work is done only when the force and the component
a c.)rce (N) of the displacement are parallel to each other.
:‘, s =displacement (m) . . . S
> When work is done on an object, its kinetic
energy changes. When the component of the
Weblink displacement is in the same direction as the force, the work done causes the kinetic energy
Gravitational of the object to increase. At the same time, the potential energy of the system must decrease

potential energy
so that energy is conserved. Conversely, when the component of the displacement is in the
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WORKED EXAMPLE 5.2.1

Determine the work done when a force of 100 N is applied against gravity to raise an
object 1.50 m.

ANSWER

1 Determine the formula.
W=Fs

2 Substitute the known values.
W=100Nx 1.50m

3 Calculate the answer.
W=150J

opposite direction to the force, kinetic energy decreases and the potential ener reases.

Thus, the change in kinetic energy is the opposite of the change in potentjg#l energ
AE, =—-AE,
KEY FORMULA
AE, =-AE,

When doing work within a field, the change in kinetic en
in potential energy.

is the opposite of the change

Remember that potential energy belo te a tem of interacting objects. It is not
meaningful to refer to the potential energg’of @ingd€ object.
Gravitational potential ener due¥'to the interaction of objects via their
gravitational fields. C)
KEY FORMULA @
rZ
where:
g = gravitg 'rength (ms?orNkg™)
G = Newfio omstant of gravitation (6.67 x 10" N m? kg?)
M= @ ect (kg)

radiug or distance between the objects (m)

the gravitational field that mediates or exerts the force on one object due to the

of another. Hence, we say that the gravitational field does work when an object falls in

arth’s gravitational field. In this case, the work is done by the field on the object because

the object moves in the direction of the field. The kinetic energy increases and the potential
energy decreases.

Consider a pencil allowed to fall in Earth’s gravitational field, as in Figure 5.2.7a. If we
define our system as the pencil and Earth, the gravitational field of Earth does work on the
pencil, increasing its kinetic energy. The potential energy of the Earth-pencil system has
decreased. If we then pick up the pencil and lift it through some height, we must apply a

9780170483704

O

gravitational potential
energy the potential
energy associated with
the interaction of objects
via the gravitational
force; the potential
energy is stored in the
gravitational field

gravitational field the
field that mediates

the gravitational force
between all objects
with mass; the field
surrounding all objects

with mass: g = %
r

field the means by which
action-at-a-distance
forces are exerted
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g
Pencil
G |- = = == === = === = - G
Field does
no work for
horizontal
h F translation

Ground

FIGURE 5.2.1 (a) When we lift a pencil at constant speed, we do wor the gravitational
field: W=Fs=F_ /. Workis done on the field and the kinetic ener han®ed; the potential
energy of the pencil-Earth system is increased. When the pencil falls t gh a distance h, the

field does work = F h on the pencil, increasing its kinetic ener b) When'We move the pencil
horizontally, no work is done on or by the field and there is n ge jp potential energy.

force in the direction opposite to the gravitational§el gure 5.2.1a). We do work equal to
e distance through which the pencil

Fs on the pencil, where F is the force we appl 1
is moved.
If the pencil begins and ends at re istho change in the pencil’s kinetic energy, yet

we have done work, so energy must haveQgen transferred. The field was also doing work at
the same time. In this case, thegfork8gone by the field was negative. The total work done on
the pencil is zero. The total wgrk Qgne ot the Earth—pencil system is the amount of work that we
have done, and is equal to tife clpftngé¥h potential energy of the Earth—pencil system. We say that
this work was done on he energy transferred by the application of the force appears

When you hdld the, perlcil stationary, both you and the gravitational field are exerting
a force on it evergthe displacement is zero, so no work is done by either force. This is
also the cdfe yien the displacement is perpendicular to the field; that is, it is moved in the
horiz cion. In this case, there is no component of displacement in the direction of
the work done by or on the field is zero (Figure 5.2.1b).

eravitational potential energy belongs to the system, which is both the object creating

%and the object experiencing a force due to the field. But, you might wonder, where

i energy stored? A pencil does not contain gravitational potential energy. Gravitational
tential energy is not stored in the object; rather, it is stored in the field.

The field is able to do work because it exerts a force. The energy is distributed throughout
all space where the field exists. The energy in a given volume (the energy density) depends
on the field strength. In field theory, we model the action-at-a-distance forces, including
gravity, as being mediated by a field. The field applies a force to objects in the field and

because the field is able to do work, we say that the potential energy of the system is stored
in the field.

The zero of gravitational potential energy

To be able to say how much potential energy a system has, we need to be able to define a zero
energy position or configuration for the system. Note that we are again talking about systems,
not isolated objects.
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Both kinetic and potential energy cannot be defined for an isolated
object. An object only has potential energy because a force is exerted KEY FORMULA
on it, and the force must have some agent. Kinetic energy must be
measured against some reference frame. W=AE =F s
The potential energy of an object is always dependent on other Pl

objects, which generate the field. Even kinetic energy is not truly the AE, =mgah
property of a single object because it is due to motion, which is always where: %
relative to other objects in a frame of reference. W = work (J)
Choosing a zero for the potential energy of the Earth-pencil AE_ = change in potential )
system may seem obvious. If we take the zero as being when the F, = force due to gravity
pencil is on the ground, then the potential energy of the system s = displacement (m

g = acceleration d vity (9.80 m s?)

Ah =change in Qei

when the pencil is at any height, h, above the ground is simply
mgAh = mg(h — 0) = mgh.
The work done must be equal and opposite to the work done by the

gravitational field if the pencil is to begin and end at rest. Q
WORKED EXAMPLE 5.2.2
Determine the work done in increasing the potential energy of a 5080 k ct by lifting it 1.20 m in Earth’s
gravitational field. Let g=9.80 m s2.

%w

ANSWER

1 Determine the formula.
W=Fs
W=mgh

2 Substitute the known values.
W=50.0kgx9.80ms2x1.20m

3 Calculate the answer.
W=2588J C)
This is a useful Workin@OH when considering forces and motion close to Earth’s
1

surface. However, be c ne exactly what you mean by the surface or ground level,

as this may vary acc he situation. It also means that the potential energy of any
ecOofges negative whenever the object falls below the defined zero level.

ng with a negative potential energy: the negative sign simply means that

t the end is less than the potential energy at the beginning. As we only

afiges in potential energy, these changes can
negative.
nd level’ definition for zero potential energy is not KEY FORMULA

le to other planets or to the behaviour of objects that
ve a long way above the surface of Earth. The simplest way

Law of conservation of energy

efine a meaningful zero value that is not based on any single The law of conservation of energy means that no
articular object or position is to take the zero as being when all change occurs to the total energy in a system:
objects in a system are infinitely separated. Consider a system of AE, =0
massive objects very far apart from each other. When all the AE, + AE_=0
P
objectsin the system are infinitely separated, the forces acting on AE, =-AE,

them are zero and the potential energy of this configuration is
defined as zero. If the objects are not moving, there is no kinetic
energy, so the total energy of the system is zero.

where:
AE = change in energy (J)
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KEY FORMULA

Kinetic energy

AE, = lmv2
2
where:
m =mass (kg)
v =velocity (ms™)

energy of the object increases while the potential energy of the system decred§
When an object moves against the gravitational field in an isolated g8

force is exerted on it), the gravitational field does negative work and ‘Q

object decreases, while the potential energy of the system increas

The gravitational force is always attractive. Any change from
this zero configuration lowers the potential energy of the system
to a negative value. The gravitational field due to each object
does work on the other objects, bringing them closer together.
The work done by the field decreases the potential energy of
the system, as it attracts the objects closer together. This mean,
that the kinetic energy must increase in accordance with l%
conservation of energy. As the objects accelerate closer tog€thgy,
their kinetic energy increases.
When an object moves in the direction of the g
field, the gravitational field does positive wq,

jic energy of the

In an open system, work can be done on the objects in the s by an external agent; for
example, lifting a pencil in the Earth—pencil system. In this g#se, if an@pject is moved against the
field, the potential energy of the system again increases. Mesg®nergy changes in a gravitational

field are summarised in Table 5.2.1.

TABLE 5.2.1 A summary of energy changes in a

field

Object moves | Work is ".on Potential energy | Kinetic energy

Closed With the field By the fiel8 Decreases Increases
Closed Against the field eld Increases Decreases
Open With the field rnal agent | Decreases Increases
Open Against thé€'tie external agent | Increases Either

v
Note that when wogk is done by an external agent to move an object in a field, the field
may still dog#fork ork done by the field is positive if the object moves with the field, and
negative i vegyagainst the field.

WORKED EXAMP L 5.0.3

ChS

A 7.0kg school b
a Howmu

done on the bag?

onto a shelf 1.25 m above the ground.

b By howfmuch didthe gravitational potential energy of the bag change?

¢ The

ermine the formula.
W=Fs
W=mgxs

2 Substitute the known values.
W=70kgx9.80ms2x1.25m

3 Calculate the answer.
W=8575J=86J
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b Determine the potential energy.
E =86J

c Determine the kinetic energy.
E =86J

LEARNING CHECK 5.2 Q%
DESCRIBING O
1

Write the law for the conservation of energy in terms of energy changes. O

2 As an object falls in a gravitational field, potential energy is reduced. Explain where
energy goes.

3 Define:
a gravitational potential energy

b kinetic energy
c potential energy.

4 The gravitational potential energy in the field does not change a ear Earth
moves horizontally. Explain.

5 Explain why a falling object is having work done on it by th i al field.

APPLYING

6 How much work is done in raising a 200 kg mass thro a vertical height of 30 m?

7 The gravitational potential energy associat stationary object is 2.352 x 10% J.
a What is its kinetic energy?
b Determine the height of the object the'Ground (zero) if it has a mass of 60 kg.

8 a How much work is done by thegfavitRy field when a 60 kg diver falls through a

vertical height of 3.0 m?

b Using the law of the cong€rvatiqp of energy law, determine the velocity of the diver
as they enter the wa

9 A 400kgrocketis lau frogn ground level. When it is at an altitude of 100 m its
vertical velocity i
a Whatisth gy of the rocket when it is at 100 m altitude?

s done on the rocket to change its gravitational

Explain why the gravitational potential energy of an asteroid is small compared to
Earth’s gravitational potential energy.

12 400 J of work is done on a stationary 5.0 kg mass to raise it from a position 100 m
above the ground.

a What is its new height above the ground?

b The mass is dropped from its new height. What is its velocity as it passes its
original position?

¢ What is its velocity when it strikes the ground, assuming all other forces
are negligible?
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Weblink
Gravitational fields

negligible any value or
variation in a value that
is too small to be taken
into account

3

S Gravitational fields

Each fundamental force (gravitational, electromagnetic, strong nuclear and weak nuclear) can
be described as acting via a field. These fundamental forces are all action-at-a-distance forces.
They allow us to explain how one object can exert a force on a second object without being i
contact with it.
The gravitational field model allows us to explain how objects can exert forces withoufNggifig
in contact. It also allows us to:
« predict the acceleration of an object in any gravitational field
« calculate the mass of an object from the observed force it exerts on anoth
« calculate the mass of distant objects, such as planets, by observin
the Sun.
Measuring the acceleration of objects dropped on the surface ofgl
mass of the Moon. The radius of the Moon can be measured fr c@

theories of the formation of the Moon. These theories
when a massive object collided with Earth, breaking of:
becoming our natural satellite, the Moon.

e Moon was actually formed
aterial that re-formed in orbit,

Gravity ‘near Earth’

At Earth’s surface, objects are subject to tRg force of attraction applied by the combined mass
of Earth. Unless otherwise cong , all objects fall from a height to the surface with an
acceleration of 9.80 ms™2. Thy ect of Earth’s gravitational field on the masses. ‘Near
Earth’ is an approximatigf t M be applied because the field lines in a local area are
very nearly parallel tog€acht > striking the surface at right angles (Figure 5.3.1). Up to
several kilometres —wel\gbove the tallest buildings - the field strength varies by very little.

We say that theyf'is negligible variation in field strength over any local region.

%

| T

Earth

FIGURE 5.3.1 The gravitational field near Earth’s surface is perpendicular to the surface and
directed towards the centre of Earth.
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Force of weight on a planet

All matter has mass; however, the weight associated with each mass varies. In fact, the force
of weight on an object differs according to the gravitational field in which it lies. On the
surface of Earth, an object’s force weight is the product of its mass and the acceleration due to
gravity at this radius (g = 9.80ms™): force weight, F, = mg. On another astronomical body,
such as the Moon (g = 1.63m s72) or Jupiter (g = 23.1 m s72) the weights would be considerably %
different. Table 5.3.1 lists the acceleration due to gravity on the Moon and various planets of
the solar system.
The gravitational force of attraction has an infinite range — every object in the universe is O
attracted to every other object due to their masses. However, the gravitational force reduces
quickly with distance because of its inverse-square Gravitational field strength relationshi(O
We personally experience a noticeable gravitational force due to the significant co
mass of Earth and our mass. However, we do not experience a similar force of at
from smaller objects, such as the person sitting next to us. This is simply becaus
negligible, due to our smaller masses.

KEY FORMULA
Force weight

Force weight is found using Newton'’s second law, F = ma
F,=mg

where:

F =force weight (N)

m =mass (kg)
g = acceleration due to gravity for the asti@nogfical¥ody, typically Earth, where
g=9.80ms? &

TABLE 5.3.1 Acceleration due }o d

avity gt the Moon and various planets of the solar system

Radius (m) Acceleration due
to gravity (m s2)

1.98 x 10% 6.95 x 108 -
7.34 x 102 1.74 x 106 1.63
Mercury 3.28 x 10% 2.57x10¢ 3.70
4.83x10% 6.31 x 106 8.89
5.97 x 10% 6.37 x 106 9.80
6.37 x 102 3.43x 106 3.69
Jupiter 1.90 x 107 7.18 x 107 23.10
Saturn 5.67 x 10% 6.03 x 107 8.98
Uranus 8.80 x 10% 2.67 x 107 8.71
Neptune 1.03 x 102 2.48 x 107 11.00
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WORKED EXAMPLE 5.3.1

Calculate the force weight of a 60 kg mass on the surface of Mercury. Refer to Table 5.3.1 for the acceleration due
to gravity on the surface of the planet.

ANSWER
1 Determine the formula.

According to Newton’s second law, F, = mg, where g=3.70 m s
F,=mg
2 Substitute the known values.
F,=60kgx3.70m s
3 Calculate the answer.
F,=222N Q~
WORKED EXAMPLE 5.3.2

Determine the force weight of a 75 kg astronaut on the surface of the Moon ertg Table 5.3.1 for the acceleration
due to gravity on the surface of the Moon.

ANSWER

1 Determine the formula.
According to Newton’s second law, F, = mg, where g =1.63
F,=mg

2 Substitute the known values.
F,=75kgx1.63ms?

3 Calculate the answer.
F,=122.25N

DESCRIBING
Describe the differ efyeen force weight and mass.
2 Listthe planets of ystem in order of their gravitational pull on their surface, from least to greatest

(refer to Tablef5
3 Explainw, e t of an object may vary but its mass remains constant.

APPLY]N

the force weight of a 1200 kg lunar lander on the surface of Earth and on the surface of the Moon
to Table 5.3.1).

Calculate the difference in the force weight of an 80 kg astronaut on the surfaces of Mars and Venus (refer to
le 5.3.1).

6 The Mars rover has a mass of 533 kg. Determine the force weight of the Mars rover on the surface of Mars
(refer to Table 5.3.1).

7 The Cassini spacecraft had a mass of 2523 kg. Determine its force weight on the surface of Earth and on the
surface of Neptune (refer to Table 5.3.1).

8 Titan (one of the moons of Saturn) has a mass of 1.35 x 102 kg, a radius of 2.58 x 10° m and an acceleration due
to gravity of 1.35m s2. Determine the weight force of an 860 kg probe on the surface of Titan.
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ANALYSING

9 The gravitational field strength of a planet varies with distance above the surface. Explain why g =9.80 m s2
can be used as a value for ‘near Earth’s surface’ for nearly all calculations.

10 Why is the gravitational field of a planet considered as ‘acting at a distance’ even though it may be applying
forces to objects that are in contact?

<<%
m Gravitational field strength O

Every mass can be imagined as having a gravitational field, g, surrounding it. This field reaghe
to infinity; however, as distance increases, its strength decreases non-uniformly, in an j
square relationship. The gravitational field of a mass, M, exerts a force on another
shown in Figure 5.4.1. Although the masses are not in contact, the force acts at
say that the force is mediated by the field.

BN

FIGURE 5.4.1 The gravitatio d syrrounding a mass mediates the gravitational force, accelerating
the objects towards eacl

@ atiGpal field due to Earth’s mass is non-uniform and radial in its nature,
Mghe surface of Earth the field experienced is very nearly uniformly vertical.

Although thg
in everyday 1

ette*tnergy

where:

g = gravitational field (N kg™ or m s7?)

G = universal gravitational constant (6.67 x 10" N m? kg™)
M = mass of the planet (kg)

r=radius of the planetary body (m)
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WORKED EXAMPLE 5.4.1

Calculate the magnitude of the gravitational field at the surface of Earth.
Mass of Earth, M = 5.97 x 10%* kg

Radius of Earth, r=6.37 x 10°m
ANSWER %

1 Determine the formula.

" O
r2
2 Substitute the known values.
_6.67x10"'"Nm*kg?x5.97x10% kg O
9= (6.37x10° m)?
3 Calculate the answer.
g=98Tms>?

WORKED EXAMPLE 5.4.2 0

Calculate the gravitational field strength on the surface of Mars.
Mass of Mars, M = 6.37 x 1022 kg
Radius of Mars, r=3.43 x 10 m

ANSWER

1 Determine the formula.
_GM
=

2 Substitute the known values.
i 6.67x10""Nm’kg”x6.37x10% kO

(3.43x10°m)?
3 Calculate the answer.
g=3.6ITms?

WORKED EXAMI. - 43

Determine the @ al field strength on the surface of the Moon.
Mass of Mgon, M =Wm&? x 1022 kg

Radius on, rk 1.74 x 10 m
A
1 ine the formula.

]

r2

2 Substitute the known values.
g= 6.67x10""Nm?kg? x7.34x10%kg
(1.74x10°m)?

3 Calculate the answer.
g=1.62ms=2
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KEY FORMULA

- L F , )
It follows from the definition of gravitational field, g =—, and Newton’s universal law of
m

gravitation, F = GM_2m that the field of M at distance ris given by:
r

_am

r2

Note that the field associated with M is independent of the mass m in the field. The

gravitational field due to M exists whether or not another mass is put near it. OQ

KEY CONCEPT
+ Gravitational forces act at a distance. Q -
« Gravitational force is modelled as acting at the centre of an object’s mass (its ¢

of gravity).
+ Gravitational fields are calculated as the force per unit mass, N kg™, direc#€d ards the
centre of mass of an object.

- Gravitational forces and gravitational fields are vector quantities (hdvin agnitude
and direction) acting in the same direction.

When measuring the local value of the gravitational §€1d,Jg, d@e to the mass, M, we use a
small test mass, m. The force on the small test mass, m, due Wthe gravitational field of M causes
m to accelerate towards it in accordance with Ne s second law of motion, F = ma. This
acceleration is the gravitational field strength,

KEY FORMULA

F(byW§ acting on m)
m

The gravitational field haggthe
acceleration, m s™2.

N kg™, which is equivalent to the units for

T.ONkg"'=1.0ms™?

Thus, if we ¢ easure the acceleration of a mass, m, placed near the larger mass, M,
of the gravitational field. This means that all objects, independent of
the same rate of acceleration. At the surface of Earth this acceleration is

we can f1
their
apprgkimately equal to 9.80m s~2, although this value does vary, depending on the height above
se@yleMgl. agdong other factors.

avitational field near Earth’s surface

t any point near Earth’s surface, an object experiences the effect of its mass as an acceleration
due to gravity and ultimately as a force weight. Newton was the first to realise that this same
effect was the force that held the Moon in orbit around Earth and the planets in their orbits
about the Sun. Newton’s consideration of how Earth’s gravitational field emanates through
space led him to invent integration in the field of mathematics.

Because of Earth’s nearly spherical shape, an object anywhere near Earth’s surface is about
the same distance from its centre of mass. In theory, this field applies a force to every object
in the universe. However, the great distances within our own solar system and neighbouring

9780170483704 CHAPTERS | GRAVITATIONAL FORCE AND FIELD STRENGTH 105



106

galaxies means that, in reality, Earth’s gravitational field only has an influence on objects
within a few hundred million kilometres in any real sense.

The approximation that the gravitational field is constant is reasonable when close to
the surface of Earth (or any other massive body or planet). However, the field decreases in

accordance with the radius, following an inverse-square relationship, F e« —-. For an object at
r

the height of the International Space Station (about 400 km above Earth), the gravitational fie
is approximately 90 per cent of that at Earth’s surface. For satellites that may be several thougn
kilometres above Earth’s surface, the near-Earth approximation cannot be used beca S
substantially less than 9.80m s™2.

The gravitational field strength around any mass is determined by the dista
centre of mass and the mass itself. The force applied to any mass within the g
is, in turn, determined by the strength of the gravitational field. Near Earthk
mass has a force of 9.80N applied to it by Earth’s gravitational field.

According to Newton’s third law of equal and opposite reaction
of another object on its surface exert a gravitational force of eq @
These forces act in opposing directions, along a line joining their c8§tres of mass.

s mass and the mass
agrtude on each other.

KEY FORMULA

Gravitational field strength

_ F(by mas rtfion mass m)

Nkg™

KEY FORMULA
For any mass, m, t agn of the force applied to it by Earth’s gravitational field
(i.e. its weight) iggjven
F,=mg
where:
F,=for ejght (N)
m S
= nal field strength (N kg™ or m s7?) The value of g near Earth’s surface
isQ80 N kg™

E
Newton’s second law, a = —2%, can be applied to the gravitational force acting on any mass,
m

m, near Earth’s surface. Using F_ = mg, we get:

fies!
e

a =

|
T EIR s

Therefore, the acceleration of a mass free to move near Earth’s surface is 9.80m s™. As g is
the acceleration due to gravity, the direction of the acceleration must be towards the centre of
mass of Earth.

This gives a very simple way of measuring the gravitational field at any point in space. We
simply need to ensure that no forces other than gravity are acting on a test mass, and then
observe its acceleration.
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KEY FORMULA

The gravitational field at any point is equal to the acceleration of a mass due to the

gravitational force at that point:
F_
__ gravitational
g T Q‘ b

Close to Earth’s surface,g=9.80 N kg =9.80 m s2.

PRACTICAL ACTIVITY 5.4.1 O :

EARTH’S GRAVITATIONAL FIELD STRENGTH

The period, T, of a pendulum is dependent on two variables: length of pendulum, ¢, he&gravitational field strength,

g, in which it swings. The relationship between the variables T, ¢ and g is givep by 0 4 .
g

Research question

How can the strength of Earth’s gravitational field by measured? 0
Aim

To measure the strength of Earth’s gravitational field, g, n e $firface by using a pendulum
Materials

+ retort stand » stopwatch or timing device

* boss head and clamp e ruler

+ length of string (@approximately 1.0 m Igfig) + datalogging apparatus (optional)

* massbob

Procedure

1 Setupthe apparatus as s o@ure 5.4.2.

2 Measure the effective o] pendulum from the top of the string to the centre of the bob. Begin with a

length of approxi 0
3 Pull the bob bac
4 Record the {j ak

ﬁ . » KEY FORMULA
d o

es an angle of approximately 5° to the vertical.
for 10 complete oscillations of the pendulum, using the stopwatch (or datalogging device).

and Period of a pendulum
clamp /i
/5%
/1 \Vertical axis l
String / H T=2m |—
Retort /o g
stand / '
/ : where:
Mass bob ( ; T = period (s)
— ¢ =length (m)
el e, DireCtiON OF g = acceleration due to gravity (m s2)
the swing

FIGURE 5.4.2 The pendulum apparatus to determine the
acceleration due to gravity
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5 Change the length of the string to approximately 0.8 m and repeat steps 3 and 4.
6 Repeat again with string lengths of approximately 0.6, 0.4 and 0.2 m.
7 Calculate the period of the pendulum for each length.

Results
Record the data in a table similar to Table 5.4.1.

TABLE 5.4.1 Experimental pendulum data

Length of pendulum (¢) (m) Time for 10 oscillations (s)

Period of pendulum (1 ' (s)

Two alternative methods may be used to determine the value of g.

Method 1: Algebraic — Using equations to model the pendulum
1 Each period and length measured may be substituted into the equation for ? W@, tggletermine values for g:

T=21t\/Z
g

T?=(2n)° L
9= 4n%0
2 The multiple calculated values for g may then s ermine an average.
Method 2: Graphical — using graphical repre: atio! model the pendulum

1 Plot the relationship between 7 and T, e thaRyit is non-linear.
2 Considering the equation, it is seen fhat ¢ <372 hence, a graph of /7 versus T2 will exhibit a linear relationship.

Be sure to plot ¢ (m) on the x axj independent variable, and T?(s?), the dependent variable, on the
y axis. Draw a line of best fit t the data points.

Using the equation for T,

T? :(2n)2£
Y
< ) A,
g
2

4
een that the value of the gradient of the graph of T?vs 7 is %

3 i ny two points on the line of best fit, determine the gradient of the graph and hence calculate the value of g.
s value of g may also be determined by finding the gradient of the relationship on a graphing calculator.

Analysis of results

1 Explain why the time for 10 oscillations was measured, and then divided by 10, to determine the period, T.

2 If the length of the pendulum was consistently overestimated, how might this affect the value of g obtained in
each method of analysis?

3 Give your best estimate of g to the correct number of significant figures.
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Evaluation
4 What are the sources of uncertainty in this experiment?
5 Suggest ways in which these uncertainties could be minimised.

Vertical motion under gravity Q%

An object that is free to fall near Earth’s surface experiences a gravitational force vertically,
regardless of its direction of motion. This gravitational force results in the object accelerating
vertically downwards with a value equivalent to g.

As the value of g at Earth’s surface is approximately 9.80 m s— downwards, this gives: O
a =

v, —u
Y Y (the definition of acceleration)
t
=V =u +at
y y

so: v, =u,+ gt

Notice that the direction is indicated by the sign for each unit; that i ards is taken
as being the positive direction, then the value of g, as it is acting dow; T t be written
as —9.80m s~2. Worked examples 5.4.4 and 5.4.5 demonstrate how ghe wards direction
may be treated as positive or negative. Whichever way this is ne e outset of solving
a problem, it needs to be consistently applied. Quantities with a rds direction, such as
acceleration and displacement, are typically assigned n vaues. It is possible to assign
the opposite — negative values to quantities with an up s direction. If this is done, the

answer will have the same physical meaning and

WORKED EXAMPLE 5.4.4

A parcel is dropped from a hot ai loonYRat is sitting momentarily at a height of 200 m above the ground.

a With what speed does the pdkcel hifithe ground?

b How long does the parcgfta ?
ANSWERS
a 1 Identify kno uired variables.
u=0mg P ms?s=200m,v=?
Let the nwards direction be positive.
2 D e formula

y
Sufistitute the known values.
v 02+2x9.80ms?2x200m

Calculate the answer.
vy2 =3920
v,=62.6 m s vertically down

b 1 Identify known and required variables.
u=0ms',a=980ms?s=200m,t=?
Let the downwards direction be taken as positive.

2 Determine the formula.

p
s=ut+ —at?
2
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3 Substitute the known values.
200=0xt+ % % 9.80 x 2

200
490

t2

4 Calculate the answer.

t=+/40.82
=6.39s
It takes 6.39 s for the parcel to fall.

WORKED EXAMPLE 5.4.5

A ball is thrown vertically upwards at 20.0 m s™'. Determine the maximum height it reac

ANSWER
1 Identify known and required variables.
u=200ms"a=-980ms%v=0ms,s=?
Let the downwards direction be taken as negative.
At the maximum height, the vertical velocity is 0 m s
2 Determine the formula.
v2=u?+2as
y y
3 Substitute the known values.
02=20.02+2x-9.80ms?xs

4 Calculate the answer.

0=400+-19.6 xs
400
A .

" 19.6
=20.4m

The maximum height reache

@

WORKED EXAM"LF 5.4.6

A ball is thrown
ANSWER

and required variables.
s7,a=-980ms?%v=0ms’, t=?

upwards at 20.0 m s™'. Determine total time of flight.

downwards direction be taken as negative.
he maximum height, the vertical velocity is 0 m s™'.

2 Determine the formula.
v,=u, +at

3 Substitute the known values.
0=20.0+-9.80xt
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4 Calculate the answer.
- -20.0

"~ -9.80
=2.04s

The total time of flight is 2 x 2.04 s = 4.08 s. This is because the path is symmetrical and it takes the sam%

to travel up to the maximum height as it does to fall back down (ignoring air resistance). Q
LEARNING CHECK 5.4 O

DESCRIBING O
What are the units of g? Q~

Recall the kinematics formulas that relate the variables s, u, v, a and t.

Identify the purpose of using the notation v rather than simply v for vertjcal m8gon.
Explain why a = g for free-falling objects near Earth’s surface.

a Hh WON =

When finding the maximum height reached by a tennis ball hit veieal ds, the
value of v may be assigned as zero. Why is this possible?

APPLYING
6 Aballis dropped from a very tall building. How long gfesjit take the ball to reach a
velocity of 60.0 m s7'?

7 Aballis thrown from a window with an initial
the ground after 1.40 s. Determine the hei

demggwardSWwelocity of 2.40 m s™. It hits

@ indow above the ground.
thig

9 Titan (one of the moons of Satur a s of 1.35x 1022 kg and a radius of

2.58 x 106 m. Determine the erati®y due to gravity on its surface.
ANALYSING

ly pwards with an initial velocity of 30.0 m s™.

8 With what minimum velocity must a st
it reaches a point 5.5 m above its st

an object vertically upwards so that

10 An object is thrown

a Whatis the
b How lon

ight reached by the object?
ke for the object to fall back to its original position?

11 Calculate onal acceleration, g, at a range of altitudes above Earth’s surface

and cQ table of values to demonstrate the relationship. Use 6.37 x 10 m for
the rd @ arth, 5.97 x 1024 kg for the mass of Earth and altitudes of 0.0 m (surface),

D@0 km and 10 000 km.
ING

ptune’s acceleration due to gravity (11.0 m s?) is greater than that of Saturn
(8.98 m s7?) even though Saturn is nearly five times as massive. Explain how this may
be the case.

13 Given that the acceleration of objects near Earth’s surface is directed vertically
downwards, explain why a bullet shot horizontally from a height, h, hits the ground at
the same time as one dropped from the same height.
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o‘:

Weblink
Newton's Law of
Universal Gravitation

centre of mass the
average position of
the mass in an object
or group of objects;
the point at which the
gravitational force can
be modelled as acting
when the objectisin a
gravitational field

m Newton's law of universal
gravitation and gravitational force

Newton determined that the gravitational force that keeps us on the ground and the plane

in orbit about the Sun is a product of the masses of the objects and varies with an inyg#se®
square relationship with the distance between the objects. That is, the force, F, is dep@adg
on both masses M and m, as well as the inverse of the square of the distance, r, bety/®€ge
The distance, r, is measured between the centre of mass of each object (Figure @

relationship is termed Newton’s law of universal gravitation. O
KEY FORMULA Q~
e GMm

r2

where:
F = gravitational force (N)
G = Newtonian constant of gravitation (6.67 x 107" 2
M = mass of object 1 (kg)
m = mass of object 2 (kg)
r=radius or distance between the objects

F(by M on F(by mon M)
m H‘ M
r
FIGURE 5.5.1 Gravitgff@nal cts between bodies with mass with an equal and opposite force,

in accordance with NéwtoNg law of universal gravitation. Note that the forces may be drawn from the
centre of mass aj§o.

Althought't of gravity is an everyday phenomenon, it is actually relatively weak by
comparj hegther fundamental forces (Table 5.5.1).

TABLE 5.5.1 A comparison of the four fundamental forces, in order

of their relative magnitude
Type of fundamental force Relative magnitude

Strong nuclear x 10%
Electromagnetic x 10%
Weak nuclear x 10%°
Gravitational x 10°
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Newton'’s third law and universal gravitation ,

(Y
Recall that the gravitational force acting on a mass, m, at a distance, r, from the centre of another

mass, M, is given by Newton’s law of universal gravitation. Weblink
GMm The Cavendish experiment

r2

The Cavendish experiment was the first experiment to measure the strength of the %
gravitational constant G. Q

F =

‘We have seen that the field due to mass M acts on a mass m with a force F:

GMm

V2

F(on m from M) =

But, what about the force applied by m on M? This force has the same magnitude:

GMm
r2
This is in accordance with Newton’s third law of motion: for every action ere'is
an equal and opposite reaction force. That is, Earth is attracted towards ygm with'the same

magnitude of force, but opposite direction, as you are attracted towards E

F(on m from M) =

KEY FORMULA

Gravitational acceleration

The gravitational acceleration of m is the field strength t di8tancer:
_GM
[ .

The gravitational acceleration of M is the figd st of m at distance r:

m
&

Thus, m and M accelerate at diffferentgates, even though the magnitude of the force applied
to each is the same. For examyfle, itational field of Earth acts on a 0.1kg (100g) apple
with a force of 0.98N. Th cgnsequently accelerates at 9.80m s™2. The apple acts on
Earth with the same 0. , but due to Earth’s mass of approximately 5.97 x 10**kg,
Earth accelerates at a ely 1.63 x 107> m s2. (Earth will not accelerate appreciably!)

The unjueNgl gravitational constant, G

In 1798, 7 @ fter Newton’s death, Henry Cavendish (1731-1810) measured the value of
the cgfistant #Toportionality, G, in Newton’s law of universal gravitation. He placed massive
le Is ngar two much smaller balls at the end of a long rod, as in Figure 5.5.2. The forces
each of the smaller balls caused a rotation of the rod. This rotation was opposed by
torsion (twisting) in the metal suspension line. Cavendish used the amount by which the
ension line rotated in calculations to determine G. Cavendish’s experimental method was
traordinarily accurate and this value of G = 6.67 x 107! N m? kg2 remains applicable for all
calculations of gravitational force.
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Metal suspension
line

Gravitation, American Book Co. 1900, p.62

from Cavendish,H. (1798), ‘Experiments to determine the Density of
the Earth’ in McKenzie, A.S. ed. Scientific Memoirs Vol.9: The Laws of

ithin about 1% of

FIGURE 5.5.2 Cavendish's experimental apparatus. He measured the va @ b toV
the currently accepted value of G=6.673 84 x 107"" N m? kg™2.

WORKED EXAMPLE 5.5.1

Determine the gravitational force of attraction between Earth and the
Mass of Earth = 5.97 x 10% kg

Mass of the Sun =1.99 x 103° kg

Radius of Earth'’s orbit around the Sun=1.49 x 10" m

ANSWER
1 Determine the formula.
Fe GMm

r2

2 Substitute the known values.
6.67x10""'Nkg?m?x5.97 4
(1.49x 180

3 Calculate the answer.
F=3.57x10%2N

30
[F= x10 kg

he gravitational force between various masses can be determined in a similar way.
able 5.5.3 contains a range of planetary data, including acceleration due to gravity values, for
performing further calculations.

TABLE 5.5.3 Planetary data for the solar system

Mass (kg) | Radius Mean Mean Period of | Acceleration
(m) orbital orbital revolution | due to gravity
radius (m) | radius (AU) (s) (m s?)
Sun 1.99x10% | 6.95x 108 - - - -
Moon 7.35x10%2 | 1.74x10° | 3.84x 108 - 2.36 x 108 1.63
Mercury | 3.28x 102 | 2.57 x10° | 579 x 10" 0.387 7.60 x 108 3.70
Venus 4.83x10% | 6.31x10° | 1.08x 10" 0.723 1.94 x107 8.89
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Mass (kg) | Radius Mean Mean Period of | Acceleration

()] orbital orbital revolution | due to gravity
radius (m) | radius (AU) (s) (ms?)
Earth 5.97 x10% | 6.37x10° | 1.49x10" 1.000 3.16 x 107 9.80
Mars 6.37x10% | 3.43x10° | 2.28 x 10" 1.520 5.94x 107 3.69
Jupiter 1.90x10% | 7.18x107 | 7.78 x 10" 5.200 3.74x 108 23.10
Saturn 5.67x10% | 6.03x107 | 1.43x 10" 9.540 9.30x 108 8.98

Uranus 8.80x10% | 2.67x107 | 2.87x10" 19.19 2.66 x 10° 8.71 O
Neptune | 1.03x10% | 2.48x107 | 4.50x 10" 30.07 5.20x 10° 11.00 O
KEY CONCEPT ;

Astronomical unit

The astronomical unit, AU, is a unit of length used to measure distances€n th€ solar
system. It is the average Earth—Sun distance, approximately 1.49 x

WORKED EXAMPLE 5.5.2

Earth and the Moon form a binary system — they are boun their equal and opposite forces of gravitational
attraction, orbiting around their common centr s. Determine the gravitational force of attraction between
Earth and the Moon.

Mass, = 5.97 x 10** kg
Mass,, = 7.35 x 102 kg
Radius of the Moon'’s orbit around Earth'3.84 % 108 m.

ANSWER < ’
1 Determine the formul
~ GMm
==
[

kg “m?x5.97x10* kgx7.35x10% kg
(3.84%10° ) m?

3 u answer.
=1.98 x 10°N

e vector nature of gravitational force ,
18
he force exerted on an object within a gravitational field is applied in a direction towards the
centre of mass of the object. Gravitational fields exist even for the smallest of masses. Therefore, Weblink
we can say that a gravitational force is acting between you and the person nearest you. However, Gravity force lab

because this force is so small, it goes unnoticed. The very large mass of Earth results in a
gravitational force on any object near it that cannot be ignored. The position of the centre of
mass of Earth means that the gravitational force is exerted vertically downwards. The variations
in the direction of this force caused by local influences such as mountains or dense bodies of
rock beneath the surface are very small.
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Vector addition of forces

F net

Newton’s second law, a = , allows for the fact that any number of forces may be acting on a
mass, m, at any time. The symbol Fy signifies the resultant force (or net force) — the sum of all
the forces acting.

To find the sum of the forces acting on an object, the magnitudes, or sizes, of the force
cannot simply be added. The vector nature of force means that the directions of the indivi %
forces must be taken into account. When adding two force vectors acting on an objec

same time, the resultant force may be found either geometrically or by drawing a scal

WORKED EXAMPLE 5.5.3

An 8.0 x 10° kg spacecraft positioned 2.0 x 10® m from Earth and travelling directly to the Mog
gravitational force from both Earth and the Moon, but in different directions. The net forc
is the vector sum of the two gravitational forces.

Determine the net force acting on the spacecraft.

Earth—Moon distance = 3.84 x 108 m

m,=5.97 x 10* kg

m,,=7.35x10%kg

a Determine the gravitational force and direction between Earth and the s ft.

b Determine the gravitational force and direction between the Moon spacecraft.
c Determine the net force acting on the spacecraft.

@ criences a

] on the spacecraft

ANSWERS
a 1 Determine the formula.
GMm
Fo=——

r
2 Substitute known values.

F = 6.67x107"" x5. 97><1024><8 0x1f&
Ef

20><108

b 1 Determine the form

3 Calculate the answer.
=79.64 N acting towarQ

n values.
.35%10%%8.0x10°

(1 .84><108)2

ate the answer.
=1.16 N acting towards the Moon

1 JDetermine the relationship between Earth and the Moon.
The net force acting on the spacecraft is the vector sum of the F_and F,,.

2 Substitute the known values.
F.=79.64 N towards Earth, and F,, = 1.16 N towards the Moon
F.=+79.64 N+ (-1.16 N) towards Earth

3 Calculate the answer.
F...=+78.48 N towards Earth
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Gravitational equilibrium

Further to our calculation of net force, we can explore points of gravitational equilibrium
between massive objects such as Earth and our natural satellite, the Moon (Figure 5.5.4).

F(by Moon on Earth)  F(by Earth on Moon)
o —

X (3.80 X 108 — x)

Earth Moon

and the Moon where the forces are equal in magnitude and opposite in their direction.

WORKED EXAMPLE 5.5.4 E

Use Newton’s law of universal gravitation to determine the point of gravijgftiongl equilibrium between Earth and
the Moon.

Earth—Moon distance =3.80 x 108 m
m_=5.97 x 10** kg

m,,=7.35x10%2kg
ANSWER

1 Determine the formula.
LetF, of Earth acting on the Moon = F, of th

FIGURE 5.5.4 The Earth—Moon system. There is a point of gravitational equilibrium between Earth O

equilibrium = x metres; therefore, the distance from the Moon
x 108 — x) metres:

Gm,,m

Distance from Earth to the point of
to the point of gravitational equili

GmEmspacecraﬁ _ spacecraft

{ ’ x? (3.80x 108 — x)?
2 Cancel the mass of thegfaf e gravitational constant (they appear on both sides of the equation)

4 ly the denominators.
97 xW0*(3.80x10° —x)* =7.35x10%x?

5 Simplify the equation into the form of ax?> + bx + ¢ = 0.
97x10%(1.444x10"7 —7.60x10% x +x*)=7.35x10% x*
8.62068x10*" —4.5372x10%¥x+5.97x10% x* =7.35x10% x?
8.62068x10*" —4.5372x10%x+5.8965x10% x> =0

6 Solve the equation for both solutions (use a graphics calculator equation function; degree 2 polynomial).
x=3.42x10%orx=4.27 x 108 m

7 State the valid solution, including the direction from the source
Reject x =4.27 x 108 m because this point of gravitational equilibrium is on the far side of the Moon (not
between the two bodies). Therefore, the gravitational point of equilibrium is 3.42 x 102 m from Earth.
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WORKED EXAMPLE 5.5.5

Using Newton's law of universal gravitation, determine the point of equilibrium between Jupiter and its moon lo.
The distance between Jupiter and lo, the mass of lo and other values for Jupiter’'s Galilean moons are listed in
Table 5.5.5.

TABLE 5.5.5 Table of data for Jupiter and its four Galilean moons

Mean distance Mass
from Jupiter (kg)
(m)

Orbital period Mean diar-=te,
around Jupiter

(Earth seconds)

Orbital period
around Jupiter
(Earth days)

Jupiter - 1.90 x 107 - -

lo 4.22 x108 8.93 x 102 1.769 5.58 x 107

Europa 6.71x 108 4.80 x 102 3.551 1.12x 108

Ganymede 1.070 x 10° 1.48 x 10% 7.155 2.26 x10

Callisto 1.883 x 10° 1.08 x 102 16.689 % 2410
ANSWER
1 LetF, of Jupiter acting on lo = F, of lo acting on Jupiter. 0

F =F

gJd glo

Distance from Jupiter to the point of gravitational equilibri s; therefore, the distance from the moon

lo to the point of gravitational equilibrium = (4.22 x 108 — x) m&fes:
Gm m Gm_m

J' " 'spacecraft _ lo" " "spacecraft

x?  (422x10° —x)?
2 Cancel the mass of the craft and the gravitati on

T T
x?  (4.22x10% —x)?
X2 (4.22x
4 Cross-multiply th tors.
1.90 x 107 (4.227™¢ 2 =8.93x10%x?
5 Simplify, % into the form of ax? + bx + ¢ =0.
1.90x 187 (1.781x 10" —8.44 x 10%x + x*) = 8.93 x 10% x*

3.384 604 x10% x +1.90x 107 x* =8.93 x 10 x*
~-1.604x10%x+1.899x 107 x> =0

nt (they appear on both sides of the equation).

3 Substitute the known values.
=1.90 x 107 kg

m, _893><1022kg
1.90x10”  8.93x1

Sdlve the equation for both solutions (use a graphics calculator equation function; degree 2 polynomial).
4.35x 108 or x =4.09 x 108

7 State the valid solution, including the direction from the source.
Reject x = 4.35 x 108 m because this point of gravitational equilibrium is on the far side of lo (not between the
two bodies). Therefore, the gravitational point of equilibrium is 4.09 x 10 m from Jupiter.
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Other forces at a distance

Gravitational force is not the only force that acts at a distance. Other such forces are the
electrostatic forces between charged particles, the magnetic force that is easily observed using
magnets and compasses, and the strong and weak nuclear forces that act over very small
distances within the nuclei of atoms. Without these two forces, atoms would not be stable, but
they are not detectable over distances usually encountered in everyday life.

When forces act at a distance, the force is a result of the objects interacting with the
surrounding field. It takes a finite time for the interaction to be transmitted from one object to
the other; the effect is not instantaneous, as is sometimes thought. Field theory does not explain
why interactions are not instantaneous. This limitation of field theory was one factor that led to

the development of a different model of forces — the exchange-particle model. O
LEARNING CHECK 5.5 Q~
DESCRIBING
1 Contrast gravitational field strength with gravitational force.

2 Contrast the formulas used for gravitational field and gravitatio I

3 Name the two variables that determine the acceleration due to avity gt the surface of a planet.

4 ‘Gravitational field does not depend on the mass, m, in the ain this statement.

5 Explain how Newton'’s third law applies to the force g onal attraction between any two objects.

6 The force of gravitational attraction and light intens h exXhibit the inverse-square law. Explain what
this means.

APPLYING

7 Two masses, m and M, have a gravit
relative magnitude of the force as

orge'of attraction, F, when they are a distance, r, apart. What is the
acto when this distance is increased to 4r?

8 Using Newton’s law of univer ravit@gion, determine the point of equilibrium between Earth and Venus. The
distance between Earth and fenusgs 4.10 x 10" m. Refer to Table 5.5.3, for other planetary data values.

9 An astronaut on the M d all from a height of 1.50 m. It takes 1.36 s for the ball to fall to the surface of
the Moon. Determine celeration due to gravity on the surface of the Moon.
ANALYSING

10 Use the acg ionWlue to gravity on the surface of the Moon, 1.63 m s, to determine the time taken for

etwegn Earth and the Moon to be 3.84 x 10°km. (m_=5.97 x 102*kg, m,, = 7.35 x 1022 kg)

R ING

Reflect on the effect that a changing mass or distance has on gravitational force. Which variable has the
greater impact?

13 Define ‘centre of mass’ and explain why it is necessary to consider it when calculating gravitational attraction
between masses.
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CHAPTER Gravitational fields

SUMMARY »  The region of space around a mass where another mass experiences a force of
gravitational attraction is a gravitational field, g.

«  Every point mass in the universe attracts every other point mass.

F(by M on m) F(by mon M)

»  The strength of the gravitational field is given by the formula:
F GM
g = — = _2
m r

«  where G is the universal gravitational constant (6.67 x 20! ), M is the mass of the
planet (kg) and r is the radius (m) of the planetary b,

»  Field lines are used to visually represent the dir d gffength of a gravitational field.

«  Field lines point towards the mass creating th
gravitational force a test mass would exp

icating the direction of

«  The density of field lines indicates grasitat 1 1Teld strength.

«  Gravitational fields store potentia y, Which can be converted into kinetic energy
as an object moves within the field, represents the work the gravitational force can
do on an object:

W = Fs
«  where Wis the wor s the'force (N) and s is the displacement (m)
Law of univers avitagjon
«  Newtopffla versal gravitation states that every point mass in the universe attracts
ever paint mass with a force that is directly proportional to the product of their

r

S versely proportional to the square of the distance between their centres:
GMm
Q~ T
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MULTIPLE CHOICE CHAPTER

1. Which of the following is correct for the gravitational potential energy of a 100kg mass EXAM
held 1.2m above Earth’s surface?
A 1100kg
B 1lkg
C 120J
D 1176]

Questions 2 and 3 relate to the following information.
The gravitational force of attraction between two spheres (masses M and m) that are a
distance D apart is found to be F.

2. Ifthe distance between the spheres is increased to 2D, what is the new force?

A F
1
B -—-F
2
1
C -—-F
4
D 2F
4
1
3. The distance between the spheres is decreased to — he Wasses are doubled. What
is the new force between the spheres?
1
A -—F
4
B 2F

C 8F
D 16F

4. An astronaut weighs 3200N @n a plgnet whose mass is the same as that of Earth but
whose radius is half thay#f E hat is the astronaut’s weight on Earth?

A 300N

B 800N

C

D
Questions
Two balls
force
begw@en th

at is the magnitude of the net gravitational force on C due to A and B?

A 2F

B 4F

C F

D O
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6. What is the magnitude of the net force on ball B from A and C?

A 2F
B 3F
C 4F
D 5F

7. The mass of Saturn is 5.11 x 10’ kg and its radius is 1.2 x 10°m. If Francesca’s weight
Earth is 650N, what would her weight on Saturn be?

A  400<W<650
B 650<W<1000

C 1000< W <2000
D 2000sW

8. Inwhat ways do g (gravitational field strength) and G (universal al constant)
change with increasing height above Earth’s surface?
A Both gand G decrease.
B  gdecreases but G remains constant.
C gremains constant but G decreases.
D Both gand G remain constant.

9. Asatellite orbits Earth at a height where the gragitati®#nal field strength is 6.0N kg™.
If Earth’s mass is 5.97 x 10**kg, what is th ce of the satellite from the centre
of Earth?

A 6.4x10°m
B 7.8x10°m
C 8.2x10°m
D 1.0x10'm

10. Which of the follo st d@scribes Newton’s law of universal gravitation?
A All objectsé¥i asMattract each other with a force proportional to their masses
and in y proportional to the distance between their centres.
B  All gbj@cts wih mass repel each other with a force proportional to their volumes
jge roportional to the square of the distance between them.

attract each other with a force inversely proportional to their densities

e distance between their centres

All objects repel each other with a force proportional to their masses and inversely
roportional to their separation distance.

HORT RESPONSE

11. Calculate the gravitational force acting between two planets of mass 3.60 x 10> kg
and 6.29 x 10**kg. The planets are at an average mean distance of 1.1 million
kilometres.

12. Find the velocity (in m s™) that an artificial Earth satellite must have to pursue a circular
orbit at an altitude of half an Earth radius.

13. Two planets, A and B, are separated by a distance of 1.0 X 10’ m (centre to centre). Planet
A has a mass of 6.0 X 10**kg and Planet B has a mass of 6.0 x 10**kg.

Determine the position between the two planets where the gravitational forces exerted
by the two planets on an object are equal. Express your answer as the distance from the
centre of Planet A.
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DATA ANALYSIS

14. Analyse data

The gravitational force between two objects was measured at various distances of separation.
The raw data was processed and then presented in the following table and graph.

&
r

1000 000.00 133.40

250 000.00 33.35

111111.11 14.82
62 500.00 8.34 O
40000.00 5.34 Q~
27777.78 3.71
20408.16 2.72
15625.00 2.08
12 345.68 1.65
10000.00 13

Gravitational force versus inverse Sguare of distance
160.00 -
140.00 A

120.00

100.00 &

.

““
!"
"‘
.
-
-
-
!"
p.

9

y =0.0001334x
80.00

60.00

40.00

Gravitational force F_(N)

20.00 **

0.0 . . : . - —>
200000 400000 600000 800000 1000000 1200000

Inverse square of distance, lrz (m™?)

one of the objects under study had a mass of 1000kg, use all of the data available
to determine the mass of the other object.
b  Considering the data set above and the relationship evident between F and r, sketch
what the general shape of a graph of F versus r would look like.
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15.

Analyse data

Two spacecraft, A and B, are separated by a distance, D, as shown below. A 10000kg
cargo module is being transferred from Spacecraft A to Spacecraft B to replenish its
supplies. So that its computer-controlled thrusters can react accordingly, the cargo

it experiences due to Spacecraft A and Spacecraft B. It is calibrated so that the pos

iti
direction for net force is towards Spacecraft A. Q
\ O
I ‘l-- /
jpa

module has a sensitive force meter on board that can measure the net gravitational forc%

,___ (\Q
__ =
i 2,

10 000 kg cargo module

Spacecraft A

Spacecraft B

<
<

3>

(Diagram not to scale)

A graph of what the force meter sured is shown in Graph 1.

Graph 2 f versus distance from spacecraft

[ ]
L ] L J
LL— [ ] [ ]
2 ° °
. 0.002 A . e
45 [ ] ® [ ]
Z  0.000 : —— T —
5 . 15 e 25 30
[ ] [ ]
—0.002 - . .
[ ] [ ]
—0.004
[ ] [ )]
—0.006 -

Distance from spacecraft, r (m)

a  Deduce which data set (red or blue) represents net force versus distance from
Spacecraft A. Justify your response by referring to the data and using your knowl-
edge of the law of gravitational attraction.
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b  Deduce which data set (black or green) represents the net force versus distance from
Spacecraft B. Justify your response by referring to the data and using your knowledge
of the law of gravitational attraction.

¢ Deduce the distance, D, between Spacecraft A and Spacecraft B.

d Deduce which spacecraft (A or B) has the greatest mass.

The data gathered from the force sensor was further processed to produce the %
following graph. Q

Graph 2. Gravitational force versus inverse square of
distance from spacecraft

0.30
0.25 y = 0.2673x _‘_‘_‘. Spacecraft A
0.20 o

0.15 -

0.10 —

0.05 -

Net force, F_, (N)
.

|
o o
5_8
< o
S
o
N
(]
o
2
o
o
oy
o
(=)
o
-
e
o

—0.10 A

x @S ftB
—015 - 1348x “® Spacecra

-0.20 -
Inverse squargfof djst ‘om spacecraft, % (m™?)

e Determine the masses q cecr@ft A and Spacecraft B to one significant figure,
GMm

}’2

using the line equatignsW Graph 2 and F =

&
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CHAPTER

6

Orbital motion

DERSTANDING

e ¥hree laws of planetary motion.

SYLLABUS
DOT POINTS ascribe the relationship between the Law of Universal Gravitation and uniform circular

ion and recognise this as the third law of planetary motion.

2 T2 4 2
Solve problems using the third law of planetary motion using —% :%: Gilf/l'
r r
a b

SCIENCE AS A HUMAN ENDEAVOUR

Appreciate how the accepted model of the solar system slowly shifted under the
influence of carefully collected and analysed data.

Explore the difficulties experienced by scientists who supported a heliocentric model of
the solar system and the hindrances to the acceptance of their discoveries by society.

SCIENCE INQUIRY

Investigate the relationship between orbital radius and mass for orbiting objects using
a simulation.

Physics 2025 v1.2 General Senior Syllabus © QCAA 2024



Introduction

Orbital motion has dictated the revolutions of planets, comets and natural satellites for
aeons. Humans have recently taken advantage of the relationships that guide this motion to
place artificial satellites into orbit. In this chapter, the nature of orbits is explored, including
Kepler’s three laws of planetary motion as well as the relationship between centripetal force
and gravitational force that allows satellites to orbit Earth.

Assessments Worksheets
® |earning checks 51, 5.2, 5. P fame

® Chapter exam * Blame
. ® Ulame
Practicals
® |nvestigating the magnification of a
microscrope

@

To access ?sou!/ccs above, visit

«l '
“ e N e I'SO n M I ndTap cengage.com.au/nelsonmindtap
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concentric spheres

spheres that sh
common centr

geocentric model

128 NELSON QCE PHYSICSUNITS 3 &4

ASSUMED KNOWLEDGE

v

<

Common astronomical bodies such as moons (satellites), planets, stars and galaxies
have general features and arrangements.

1 year on Earth = approximately 365 days

1 day on Earth = approximately 24 hours o

The centripetal force acting on an object can be calculated from F_ = mv_

- . . G
The gravitational force between two objects with mass can be calculated from Fi===

The period (T) of a cyclic or oscillating phenomenon is the time it takes fora s @
cycle or oscillation.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

v
v

T

state the three laws of planetary motion
describe the relationship between the law of univer

itation and uniform circular
motion and recognise this as the third law of pla j

s : X T2 OT? an?
solve problems involving the third law of planefary using —2-=—r=
o GM

compare the historical models of planeta
Aristotle, Copernicus, Kepler and Newg@n
contrast the geocentric model wit 1@ 8lio@entric model of the solar system

perform calculations pertaining to th&flinits used to quantify astronomical distances
such as km, AU, Mpc and ly
solve problems pertainin

ostulated by Ptolemy, Plato,

e motion including geostationary and

V2 GMm GM _ [26m
r ! Fg - r2 0 vorbit = Tand vescape - r .

geosynchronous orbi

models of planetary motion

were maintained.

etary motion have been proposed, and revised, for centuries. The ancient Greek
r Plato had the heavenly bodies fixed in concentric spheres (Figure 6.1.1). The
re fixed in one sphere while the Moon and Sun had different spheres to account
eir different movements among the stars. The planets were observed to wander across
e sky (the word ‘planet’ is Greek for ‘wanderer’). This example of a model designed to
explain natural observations is one of many developed over the centuries. As the precision
of measurements, the number of points of data or the thinking changed, the models were
improved. Claudius Ptolemy’s (100-168 CE) later models retained the circles but added
epicycles (circles on circles) (Figure 6.1.2). He added these to describe the retrograde motion
observed in the motion of the planets in the sky. Better observations required better models.
However, the models quickly became complex, with no explanation of how the epicycles
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SCHEMA PRAMISS E
DIVISIONIS.

FIGURE 6.1.1 The ancient Greek philosopher Plgto he heavenly bodies were fixed in
concentric spheres circling Earth.

Epicycles

Planet

FIGURE 6.1.2 Epicycles, or circles on circles, were added to Plato’s model of the geocentric
universe to better describe the motion of planets at the time.
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The scientific revolution transformed the

TK

«l

e key scientific ideas of the Aristotelian tradition.
Aristotle’s  cosmological ~ understandings
Weblink positioned Earth in the centre of the known

Ptolemy's geocentric model

of thes Solar system universe - the geocentric model. Ptolemy’s

subsequent model of planetary motion wa

geocentric model a also geocentric, predicting the position

superseded model of the the Sun, Moon, planets and stars, t
solar system with the Saturn always accurately.
Sun, Moon and planets . . . A
revolving about Earth at Nicolaus Copernicus, Gali ilé,
its centre Johannes Kepler and Isaaggmle ach
: - determined an alternative ¢ dion of the
heliocentric model a .
current model of the FIGURE 6.1.3 The Sun-centred heliocentric motions of heavenly bo acing the Sun at
solar( SYISter;‘ with the model of the universe, as determined by the centre of the cos t was termed a
Sun (Helios) at its : : . .
centre and all planets Nicolaus Copernicus heliocentric m re 6.1.3).
revolving about it;
closely associated with
the work of Copernicus
and Galileo KEY CONCEPT
Refinement of models and theories
Models and theories are contested and refi r ed when new evidence challenges
them, or when a new model or theory haggre lanatory power. This has certainly
been the case for our model of the s tery and the universe, highlighted by the

difficulties experienced by scientists, s as Galileo, who supported a heliocentric model
of the solar system.

DESCRIBIN

ribution to the understanding of our universe by:

epler
d ewton.

Define ‘concentric’.
3 Explain the term ‘epicycle’. Use a diagram to assist your explanation.

APPLYING

4 Contrast the geocentric model with the heliocentric model of the solar system.

ANALYSING

5 Deduce how the scientific method has enabled our understanding of the universe
to change.

REFLECTING

6 Explain the process of how scientific knowledge develops and changes. Refer to the
various models of the solar system to assist in your response.
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Kepler's laws of planetary motion “s

Weblink
Johannes Kepler inherited the volumes of Tycho Brahe’s (1546-1601) meticulous observations Orbits and Kepler's laws

of the motions of the planets, the Moon and the stars. Built up over many years, Brahe’s
measurements and recordings, all made before the invention of the telescope, enabled the
mathematically minded Kepler to propose a new model for the motion of the planets.

Kepler's first law: the law of ellipses

It had always been assumed that the planets orbited Earth, and in later models the Sun, i

perfectly circular orbits. This was, in part, due to the belief that the heavens were perfect an ved Shta}Pe E?at isg
IC section (Torme

that circles were considered to be a perfect shape. Moving in anything but a circle had n cutting a cone
proposed previously. Kepler found that, if the planets were considered as moving in € 0b|i<1||l§e|Y)§ Theg{ath of )
orbits, then their observed positions in the sky could be predicted almost perfe atigal Ear;eer'tsgd'il:r ftaroun
satellites, such as moons, and planets typically revolve about their planets or stars liptical,
though at times, near circular orbits.

An ellipse is a curved shape with two focal points. KEY L
Its major axis is the longest line between two points
on the edge drawn through the geometric centre. The Keplegs fitsplaw: the law of ellipses
minor .aXIS of an ellipse is the shortest line ]omlnlg A move in elliptical orbits with the Sun at
two points on the edge drawn through the geometric A

centre (Figure 6.2.1). An ellipse has two foci: one
primary and one secondary. A circle is a special case

orbits of many planets, moons and satell
close to circular, whereas the orbits of cgfhe
elliptical. How pronounced an ellipse S ¢ e indicated
mathematically by its eccentricify, a yvalut between
0 and 1. The elliptical eccentrigity @ Eargh’s path around
the Sun is 0.167 while that ey s comet is 0.967.

=

X
-

Minor axis

URE 6.2.1 Kepler's first law, the law of ellipses, illustrates that the path of the planets about the
Sun is elliptical in shape, the Sun being at one focus. (Kepler's first law). Segments AB and CD sweep
out equal areas in equal time intervals (Kepler's second law).

Kepler's second law: the law of equal areas

Kepler noticed that the speeds of the planets changed during their orbits. Nearer to the Sun,
their speeds increased; further away, their speeds decreased. He was able to conclude, through
application of the conservation of angular momentum, that the areas covered in equal time
intervals were the same.
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KEY LAW
Kepler’'s second law: the law of equal areas

A line that connects a planet to the Sun sweeps out equal areas in equal time periods.

1 month

Area 1=Area?2

Orbit

Kepler's third law: the law of periods

By doing further work on Tycho Brahe’s data and using oyn obstrvations, Kepler showed

that there is a relationship between the average radius o it ofa planet (r) and its period of
revolution around the Sun (T), so that the period of revghutffl squared is proportional to the
mean orbital radius the mean orbital radius of the orbit cubed; that is, T> &r°.
average radius of orbit )
of one massive object T .
about another, e.g. Earth 3 isggfonstant)

r 2

revolving about the Sun A
This constant (k) for a given orbital sys can be quantified by using Vi where G is the

gravitational constant, 6.67 x 1Q
planets are orbiting around.
The derivation of this exp be outlined in section 6.3.

Thus, for a given syftem tio of period of revolution squared to mean radius of orbit
cubed is a constant fot alglanefs in the same orbital system. For any two planets, a and b, in the
same orbital systghm:

8’ kg, and M is the mass in kg of the central body the
system, this is the Sun with a mass of 1.99 x 1030 kg.

7-;12 B 1732 B 471_2
b n? GM

It j 0 to note that mean radius must be applied to orbits because of their elliptical
natu rpse does not have a singular constant radius; thus a mean is used.
N
KEY LAW 50 000 Neptune
o
Kepler’s thise| law of periods 2 100007
o Saturn ~ Uranus
The squgreef thelperiod of a planet’s £ 1000
orbiti oftfonal to the cube of its g
adius: ’g 1004 Jupiter
2 3 ‘s
et g 10 - )
two planets, a and b, in the same s Mars IT'he straight
- . Ines expresses
orbital system: § 1 4 Vvenus /”ér:h Kepler's law
© [ of periods.
2 2 7]
T_a — TL_ An Mercury %
3 3 T T T T 7
AR 10 100 1000 10000

Square of orbital period, T2 (years?)

FIGURE 6.2.2 Kepler's third law, the law of periods, is constant for all
orbiting bodies within a given system. This is illustrated for the planets of
our solar system.
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WORKED EXAMPLE 6.2.1

2
Kepler’s third law, the law of periods, T—3 = constant, may be used to graphically illustrate the relationship that
r

applies for the planets of our solar system. This may also be used to determine whether other bodies belong to

this system, such as Halley’s comet.
Manipulate and graph the selection of data in Table 6.2.1 to confirm that these planets may be classifi

belonging within our solar system.

TABLE 6.2.1 Solar system planetary data tabulated for analysis

Planetary body Mean orbital Mean orbital Orbital period, | Orbital peri ,d?
radius, r (x 10° m) radius® (m°) T (s) (s® J

Mercury 57.9 1.00x 107 ‘
Earth 149.6 3.16 % 107
M 227.9
ars 6.74x107 4 ‘
ANSWER

2
The T—3 constant for the planetary system is consistent for the planefg M&rcliry, Earth and Mars (see Table 6.2.2). The
r

2
T—3 value is also the inverse of the gradient of the graph of r3xer eonfirming that the planets all belong to the
r

same system.

Note that the units do not necessarily need to be Sl unig; that is, the mean orbital radius may be given in metres,
kilometres or astronomical units and the orbital g€8gd may be given in seconds, days or years. However, it is
important to ensure that the same units are tently for all bodies.

TABLE 6.2.2 Solar system planetary datg, {8

Planetary body Mean orbitai Mean orbital Orbital period (s) | Orbital period? T_2
radius (x .0° m) radius® (md) (s?) ré

Mercury 1.94 x 10%2 1.00x 107 1.00 x 10™ 5.15%x 107
Earth 3.35x10% 3.16 x 107 9.99 x 10™ 2.99x 10"
Mars 1.18 x 10% 6.74 x 107 4.54x 10" 3.83x107

Mean orbital radius3 (m3) versus orbital period? (s2) for various planets
N

5.00 x 10'® +
4.50 x 105 L]
4.00 x 10"
3.50 X 1075 -
3.00 X 1075 -
2.50 X 105
2.00 x 1075 ~
1.50 x 10'® 4
1.00 x 10'® +

5.00 X 10™ -
e Mercury

AN
0.00 2.00 x 103 7
Orbital period squared (s?)

Mars

Earth
@

Mean orbital radius cubed (m?)

FIGURE 6.2.3 A graph of mean orbital radius cubed (m?) versus orbital period squared (s?) for various planets in a system
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WORKED EXAMPLE 6.2.2

Kepler’s third law applies for all bodies within a given planetary system. Use Kepler’'s law of periods,
2

T—3 = constant, to determine whether Planet X is part of the same planetary system as planets A, B and C
-

orbiting a central star.

TABLE 6.2.3 Planetary system data for analysis

Planet A Planet B Planet C

Mean orbital radius (m) 2.30x10° 7.50 x 10° 3.75x10° ‘
Mass (kg) 1.49 x 10% 1.43 x10% 7.10 x 102
Orbital period (s) 2.09x 108 1.25x 108 4.35x10° 8.82x 108
ANSWER
1 Substitute the known values for Planet A.
2 512
The i value for Planet A = M
ré (2.30x10°)°
2 Calculate the answer.
5\2
20910 _ 5 6651079
(2.30x10°)°
3 Substitute the known values for Planet B.
2 1.25x10°)?
The r value for Planet B = %
r (7.50%10°)

4 Calculate the answer.

(25x10°)° _ 5 26 108 &
(7.50x10°)?
5 Substitute the known values for PIaSet C. ’
T? (4. 1
3

The r_3 value for Planet C = o

6 Calculate the answer.
(4.35%10°%)?

SR T T 3.60T00°
(3.75x10°)°

7 Substitute theskiTe lues for Planet X.
2 8.82x10°%)?
INECIN O DAY

v, D =
P~ (1.04 x10°)®
8 cal the @nswer.
=6.90 x 107®
194 x10°)° x
CaAnpare the values for all planets.
2

The T—3 constant for the planetary system is consistent for planets A, B and C (at about 3.63 x 10-'¢); however, the

-
value for Planet X is considerably different (at 6.90 x 10-'°); therefore, it does not form part of this planetary system.
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Kepler arrived at his three laws empirically, basing them on an analysis of the data that
Tycho Brahe had provided as well as his own observations. Kepler’s laws had excellent predictive
power, although they were not based on any underlying models or theoretical basis; they did
not give any explanation of the observed behaviour of the planets. Newton’s model for gravity
and the principle of conservation of momentum provided the theoretical framework needed to

explain why planets and other orbiting bodies moved as described by Kepler’s laws. %
LEARNING CHECK 6.2 Q
DESCRIBING O

1 State Kepler's first, second and third laws of planetary motion. O

2 Sketch a diagram to illustrate Kepler’s first law.

3 Describe Kepler’s third law.

4 State the physical phenomena used to explain the motion of planetary bodi ple®s second law.

APPLYING

5 Being alarge planet, Jupiter is at the centre of its own orbital sys y moons orbiting it. Just like the
planets orbiting the Sun, the moons orbiting Jupiter also obey K€pl , but on a smaller scale. Data values

for several natural satellites (moons) of Jupiter are in Tablg 6.2. e data for the moon lo to determine the

2
ratio ofT—3 and hence determine the mean orbital radiyg.of s moons Europa, Ganymede and Callisto.
r

TABLE 6.2.4 Jupiter system data for analysis

Mean orbital radius, r (m)

lo 4.22 x 108
Europa .
Ganymede 16
Callisto Q 16.70
6 Astronomers can detegiista ets in other solar systems. They are called 'exoplanets’. A recently
discovered exoplanet, t Xpis found to travel within our galaxy near a known star, Star V. It has been

suggested that P
provided for plan®
Planet X s

Star Y; however, this is yet to be confirmed. Use Kepler's law and the data
A'ane B in Table 6.2.5, which are known to be part of this system, to confirm whether
assified as part of this system.

anet system data

03 km) 21.1 6.50 42.2
1.96 x 10% 1.84 x 10% 2.65x10%
QOrbital period (Earth seconds) 4.15x10° 2.45x107 4.42 x108
Mean orbital radius (m) 4.52x 10" 1.44x 10" 10.2x 10"
Rotational period (days) 8.33 1.92 0.83

REFLECTING

7 Define ‘mean orbital radius’ and explain why this is required when applying Kepler’s laws.

8 Describe the difference in motion of a comet compared to a planet, with reference to the eccentricity of its
elliptical path.
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Universal gravitation
and Kepler's third law

In the case of the periodic circular motion of a planet around the Sun or a moon about a plan
the centripetal force that accelerates the orbiting body about the primary focal point igglu

to the gravitational force. Kepler’s third law can be deduced from Newton’s law of u 1
gravitation and the equation for uniform circular motion. For simplicity, we will g - t
the planet follows a circular orbit, although a more complex geometrical analys1lcal
orbits provides the same result.

KEY FORMULA KEY FORMULA Q~

Centripetal force Gravitational

mv?
r
where:
F_ = centripetal force (N)
m = mass of planetary body (kg)
v =velocity (m s™)
r=radius (m)

F =

c

67 x 10" N m? kg
=mass of body 1 (that being orbited) (kg)
=mass of body 2 (orbiting body) (kg)

r = radius (m)

WORKED EXAMPLE 6.3.1 &
0k tellite in orbit around Earth at an altitude of 300 km.

Determine the force required to keep

M, =5.97 x 10* kg
r.=6.37x10°m
ANSWER

gt

1 Determine the formula.

The centripetal forc o the gravitational force.
GMm

2 Substltutet values.
F_6 x10¢ X9.97x10% x1. 2><103
°+ 300 x 102

6.40 x 10°)°

_ 478x10”
4.096 x10"

3 Calculate the answer.
F,=1.167 x 10*N
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The equivalence between the centripetal force accelerating the
orbiting body and the gravitational force can be further developed to
determine Kepler’s third law, the law of periods. Consider a planet
(mass, m) orbiting the Sun (mass, M) with a mean orbital radius of r.
The only force applied to the planet is the force mediated by the
gravitational field of the Sun, providing the centripetal acceleration
and hence uniform circular motion.

Figure 6.2.2 shows this constant relationship for the planets
in our solar system. Note that, in this example, the radius is given
in astronomical units (AU), which is Earth’s mean orbital radius
(approximately 1.50 x 10" m). The orbital period is given in years.

KEY FORMULAS

Alsonote that the equation remains valid regardless of the units used

F (due to circular motion)
F (due to circular motion)

F (due to circular motion) =

F (due to Sun’s gravitational field) = GM—Zm (N)
r

2

mv
L)
:m(27rr )

: : ; : Let the graV|tat|onaI ﬁ ripetal force
as long as they are consistent. The equation is also valid if inverted. Mm

Astronomical distances

to perform calculations. Typically, such units include the
astronomical unit, the megaparsec and the light-year.

Although the international standard (SI) unit of length is the metre

(m), the typical distances between planets, stars and

galaxies are enormous; hence, astronomers often find it

more convenient to use a range of longer distance units KEY F@

A

o The astronomical unit (AU) is a unit of measure
equivalent to Earth’s mean orbital radius about

the Sun.

« The megaparsec (Mpc) is the distance subte
« The light-year (ly) (despite its name) j istagce that light would travel in 1 year.

an angle of 1 arcsecond x 1 x 10°.

The analysis does not apply just to t neta® motion of our solar system, but to all systems

where satellites (moons, planets) o arger Wasses; for example, the 95 known moons orbiting

WORKED EXAMPL. F.3.2

¥, otherwise known as Messier 31, is the nearest large
®lt is a spiral galaxy approximately 780 000 parsecs, or
, from Earth.

e to the Andromeda galaxy in:

WERS

Substitute values into the formula to convert to kilometres.
0.78 Mpc x 3.09 x 10" km per Mpc

2 Calculate the answer.
=2.41x10"km

Substitute values into the formula to convert to light-years.
2.41x10"° km

9.47x10%kmly™

2 Calculate the answer.

=2.54x10°ly

9780170483704

Then: Q onstant)

it: .0AU=1.50x108km =1.50x 10" m
c: 1.0Mpc=3.09 x 10" km =3.09 x 102 m
hf@year: 1.0ly=9.47 x 102km =9.47 x 10" m
peed of lightin a vacuum: c=3.00 x 108 m s™

astronomical unit (AU)

a unit of measure
equivalent to Earth’s
mean orbital radius about
the Sun (1.50 x 10" m)

megaparsec (Mpc) the
distance subtended by
an angle of

1 arcsecond x 1 x 10°
(3.09 x 1022 m)

light-year (ly) a measure
of the distance that light
would travel in

1year (9.47 x 10"* m)
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2
Jupiter (at the time of writing!). The value of the constant —- is unique to each system, varying
r
4n’
with each different central mass as the constant G depends on the mass, M, around which the

bodies are orbiting. Hence, the constant is not universal, but is unique to a given system.

WORKED EXAMPLE 6.3.3 %

Calculate the period T for a satellite of Earth with a mean orbital radius of 42 000 km.
Mass of Earth = 5.97 x 10?4 kg

Gravitational constant G = 6.67 x 10- N m? kg2 O
ANSWER
1 Determine the formula.

T? _4An’

P GM
2 Rearrange the formulato find T.
2
T? = 4i><r3
GM

4n
= |=——xr
GM

3 Substitute the known values.

2
T= 4n % (42 000 e’ )* m
6.67 x 107N kg m?x 5.97 x 10% kg

4 Calculate the answer.

T =./7 345 264 562
Therefore, T=8.6 x 10*s (or 23.8 hour

WORKED EXAMPLE 6.3. «

A small planet, Planet A, is 3 o orbit a star every 30 days. A second planet, Planet B, orbits the same star at
a distance that is nine th@grbital radius of Planet A. What is the period of Planet B?

ANSWER
1 Determinet @ la. 72 4
Here, th sSWofsthe star is unknown. The term —= G—M is the same for both planets, as they are in the same

systemf@nd orlgit the same star, sowe canuse: I

2 2
tand _A L:ﬂ
r> r’ GM

A

2 Substitute the known values.
T2 xr}

R T.” wherer,=9 xr, and T, = 30 days
A

T, = /656 100

3 Calculate the answer.
T, =810 days
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LEARNING CHECK 6.3

DESCRIBING

1 State the formula used to derive:
a centripetal force b gravitational force.

Define ‘astronomical unit’.

State the speed of light in a vacuum.

Contrast the units of length measurements megaparsec and light-year.

Convert 12.8 Mpc into light-years.

o g A~ WDN

APPLYING
7 Calculate the orbital period, T, for an artificial satellite orbiting Earth at an alti
as 5.97 x 102 kg and Earth's radius as 6.37 x 106 m.

8 The mean orbital radius of Saturn is 1.43 x 10> m. Determine the orb ri

third law, the law of periods, for our solar system has an averaggval g

E

9 The Whirlpool galaxy, otherwise known as Messier 51a, is agREoxi
State the distance to the Whirlpool galaxy in:

a kilometres

ANALYSING

b megapa

10 A newly identified exoplanet, Planet P, hag,b8g
second exoplanet, Planet Q, orbits the
period of Planet Q.

11 A natural satellite (moon) orbitin net
G=6.67x 107" N m?kg? de ne th&period of revolution for this satellite.

12 Calculate the mean orbitg) ragius ofJan Earth-orbiting satellite that has a period of 19 h.

REFLECTING

13 Explain why the
the metre.

14 State wha he period of a satellite if its radius of orbit is decreased.

Satellite motion

he motion of a satellite can be modelled as uniform circular motion. Most satellites have
circular or very nearly circular orbits around Earth. They are in a constant state of free-fall; the
only force acting on them is gravity, or their weight. The gravitational force by Earth’s masson a
satellite is directed towards Earth’s centre, which is also the centre of the satellite’s circular orbit.
Therefore, the net force acting on the satellite is perpendicular to the velocity of the satellite.

9780170483704

C parsecs.

Explain how Kepler’s third law can be used to determine whether an unknown comet or @ ould be
classified as belonging to a given solar system.

of 300 km. Use Earth’s mass

of Saturn, given that Kepler’s

of approximately 3.41 x 10" s2 m-2.

23 million light-years from the Milky Way.

Jerved to orbit its nearby star with a period of 18 days. A
double the orbital radius of Planet P. Determine the orbital

mass 7.5 x 102° kg has a mean orbital radius of 29 000 km. Using

| unit, AU, is used for measuring astronomical distances rather than the Sl unit of

15 Could @ afe for Earth orbiting the Sun be applied for satellites orbiting another planet? Justify your response.

satellite a natural
(e.g. moon) or
artificial (e.g. GPS
or communications
satellite) body that
orbits a significantly
larger mass

free-fall falling with
the acceleration g,
the local gravitational
field strength
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weight the gravitational
force that acts on an
GMm

; A satellite in orbit is still very much within Earth’s gravitational field. It is falling to Earth
g with an acceleration equal to the gravitational acceleration, g, at that distance from Earth.
An orbiting spacecraft or satellite is given a horizontal velocity, its orbit velocity, such that,
as it falls, it is also moving horizontally with such a speed that its path is circular. If no force

other than that due to the gravitational field acts on the satellite, the satellite will continue i
its orbit forever.

Orbital velocity

object, F, =mg =

orbit velocity the precise
velocity required for

an object to continue

to orbita mass at a
given altitude

The gravitational force acting on satellites provides the centripetal force to kee

m
travelling in their circular orbit (Figure 6.4.1). The gravitational force can be fo

GMm
formula F, = ——.
r
X
V KEY FORMULAS
o" : Fg
*
K . mv§ GMm
. . _—
'.' “‘ r 2
y : GM
:‘o :' % vi=—"
(Y h . r
L]
. H GM
X . V=
Weblinks . ' r
Catalogue of satellite orbits "
Space flight: the application “‘ here:
.. . .
of orbital mechanics ’, Earth K F_= centripetal force (N)
Weightl * a .
eightlessness . Fg = gravitational force (N)
~
-~

G=6.67x10"" N m? kg
M = mass of body being orbited (kg)

apparent weightlessness
the experience of having
no normal force exerted

FIGURE 6.4.1 Then
is perpendicular to j

m = mass of orbiting body (kg)
r =radius (m)

on you; this occurs

v = orbital velocity (m s™)
during free-fall

m GM
esgfhe centripetal force, F, = —— to determine the orbital velocity, v = ,[—.
r

r
at the precise orbital velocity enables a satellite to fall towards Earth at the same
arth curves away from it; hence, the satellite is able to continually accelerate towards

We the velocity of a satellite orbiting Earth at an altitude of 630 km.
ass¥f Earth =5.97 x 10%* kg

of Earth=6.37 x 10°m
ANSWER

1 Determine the formula.

Note that the radius of orbit is the sum of Earth’s radius and the altitude above the surface.

GM
v=1/—
P
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2 Substitute the known values.
. \/6.67 x 10N kg?m? x 5.97 x 10%kg

6.37 x 10°+ 630 x10°m

= /56 885 571

3 Calculate the answer.
v=7542m s or 7.54km s™

WORKED EXAMPLE 6.4.2

Determine the orbital period of a satellite orbiting Earth at an altitude of 23 000 km.
Mass of Earth = 5.97 x 10?4 kg
Radius of Earth=6.37 x 10°m

ANSWER
1 Determine the orbital velocity.

GM
V=,
r

v 6.67 x10"'"Nkg™”m? x5.97 x10* kg
6.37x10° +23 000x10° m

= /13558018

v=3682m s~ or3.68km s~
2 Determine the period using the formulas fo @ and the circumference of a circle.

S
vV =—

t
and s =2mnr

2nr
V=—
where v=3682m s

3]

3682ms_1:2><7c t+23000><10)
t=50118s

satellite remains above one place on Earth. It must travel directly above
e equator. Geosynchronous satellites travel above any great circle. A great
is any circle on Earth whose radius extends from Earth’s centre. Both geostationary and
synchronous orbits have approximately 24-hour periods (23h 56 min 4s or 86164s).
atellites in low Earth orbit (LEO) are high enough to be moderately affected by
tmospheric friction but low enough to be relatively easy to service from Earth. This region
extends about 250-1000km above Earth’s surface. The International Space Station has been in
LEO since November 1998. Its altitude averages 370km. Even at this altitude, the friction of the
very low density atmosphere there is sufficient to slow the International Space Station down;
hence, its rocket motors must be fired every few weeks to boost it back into a higher orbit.
Asasatellite in LEO slows down, its orbital radius decreases. At lower altitude, there is greater
friction and the process, without booster rocket intervention, would result in the spacecraft
eventually crashing back to Earth or burning up in the atmosphere during a fiery re-entry.

9780170483704

geostationary satellite

a satellite positioned
directly above a point

on the equator; has
periods of approximately
24 hours

geosynchronous

satellite a satellite that
completes one orbit of
Earth in the same time

as Earth completes one
revolution; has a period of
approximately 24 hours

low Earth orbit (LEO) a
satellite orbit within the
range of approximately
250-1000 km above
Earth’s surface
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FIGURE 6.4.3 The International Space Station has be ;m Earth orbit since 1998.

PRACTICAL ACTIVITY 6.4.1

THE RELATIONSHIP BETWEEN RADIUS AND R AN OBJECT IN ORBIT

Research question

How does the radius of orbit affect the veloci an ORj€Ct orbiting another object of constant mass?
Aim
To simulate and examine the relati i n the radius of orbit and the mass of an orbiting object

on its orbit velocity

Materials
+ Simulation involvin sagf the formula for orbit velocity:
IGM
V=,—
r O
Procedur

1 Con$§ he gble of radius in the orbit velocity of a satellite of mass 2000 kg orbiting at varying altitudes above
e6.4.1).

E 6.4.1 Satellite orbit altitudes

orbit altitude (km) Orbit velocity (km s')
1000 (low Earth orbit)

20 000 (medium Earth orbit)

42 164 (geosynchronous Earth orbit)

Be sure to add the radius of Earth, r, = 6.37 x 10° m, to the altitude. Use M, = 5.97 x 10**kg.
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2 Using the orbital velocity formula, determine the velocity for this satellite at each altitude.
3 Compare the velocities for each altitude and draw a conclusion.

Procedure 2

1 Consider the role of mass in the orbit velocity of satellites of varying masses orbiting at the altitude of 30
(Table 6.4.2).

TABLE 6.4.2 Satellite orbit masses

Satellite mass (kg) Orbit velocity (km s7)

7 (pico-satellite) ‘

3500 (communication satellite)

419 455 (International Space Station)

= 5.9 10%* kg.
f different mass at this altitude.

Be sure to add the radius of Earth, r, = 6.37 x 10° m, to the altitude. Use M,
2 Using the orbital velocity formula, determine the velocity for each sa

3 Compare the velocities for each mass. Consider the role of mas la and draw a conclusion.

Analysis of results
1 Explain the effect of altitude on orbital velocity.
2 Explain the effect of mass on orbital velocity.

Escape velocity

In order to escape the effect of Earth’s gr eld, extra energy must be expended. A
rocket fired into the atmosphere may r ific height and then fall back to Earth. Given
enough energy, it may reach a criticagl velo&igy, allowing it to orbit Earth. Given further energy
still, the rocket may exceed the gr al attraction of Earth and escape it entirely. Escape  escape velocity the

velocity is the minimum velgtityqueedfd for an minimum velocity
required for an object to

object to escape the gravit field of a planet KEY FORMULA escape the gravitational

or other large mass so t n er experiences Iﬁe'd of a planet or other
arge mass

a gravitational force t large mass. For Escape velocity ’

as been determined to

velocity may be derived 26M
ial and final kinetic energies Vescape =\,
e this change in kinetic energy where:
€ change in the potential energy of G=6.67x 107" N m? kg~

M = mass of the planetary body (kg)
r =radius of planet (m)
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WORKED EXAMPLE 6.4.3

Determine the escape velocity required for a rocket to escape Earth’s gravitational attraction.
G=6.67x 10" N m? kg2

Earth’s mass = 5.97 x 10%*kg
Earth's radius = 6.37 x 10°m
ANSWER
1 Determine the formula.

Use the formula for escape velocity:

/ZGM O
vescape =
-

2 Substitute the known values.

. \/2 x 6.67 x 107N m?kg?x 5.97 x 10% kg

6.37 x 10°m

3 Calculate the answer.

=4125023 234

v=11181Tms” or11.2km s~

LEARNING CHECK 6.4

DESCRIBING

1 State the formula for determining orbit velocity.
2 State the formula for determining escape velo@ity,

3 Describe the change in orbit velocity as th@gadiu rbit increases. Use two example calculations to
determine the trend.

4 Explain why astronauts orbiting Ear@ence weightlessness.

APPLYING

For Questions 5-7, use M_ = 1 andr.=6.37 x 10°m.

5 Determine the veloci atelllte orbiting Earth at an altitude of 2300 km.

6 Calculate the graw ce acting on a satellite of orbital radius 650 km and mass 4000 kg.

7 Determine th@ riod, in hours, of a satellite of mass 950 kg and altitude of 12 000 km.

ANALYSI
8 Det e thelescape velocity required for a rocket to escape Mars’ gravitational attraction. Use
"N m?kg? M, =6.37x10%kg andr,, =3.43 x 10°m.

the gravitational field strength for a satellite orbiting Earth at an altitude of 36 000 km. Use
.97 x 102*kg and r, = 6.37 x 10°m.

th's gravitational field strength is found to be 4.90 m s at the height of a satellite in orbit. Determine how far
from Earth’s centre the satellite must be.

REFLECTING

11 State one advantage and one disadvantage of placing satellites in a low Earth orbit.
12 Explain why the escape velocity from a planet is always greater than the velocity required to orbit the planet.
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Kepler's laws of planetary motion CHAPTER
SUMMARY

«  First law: the law of ellipses which states planets orbit the Sun in elliptical paths, with the
sun at one focus. This orbital path shape means that the distance between a planet and
the sun varies throughout its orbit.

KEY LAW

Kepler's first law: the law of ellipses O
All planets move in elliptical orbits with the Sun at one focus. O

«  Second law: a line segment joining a planet and the sun Syyeeps out equal areas during
equal intervals of time. This means planets 0 er in their orbital path when closer
to the Sun and slower when farther from

KEY LAW &
Kepler's second law: th@ equal areas

A line that connects €plasfet to the Sun sweeps out equal areas in equal time periods.

O

Orbit
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«  Third law: the square of the period of a planet’s orbit is proportional to the cube of its
mean orbital distance. The formula below can also be derived from Newton’s law of
universal gravitation and the equation for uniform circular motion.

T?>  4rx?

P GM

Cube of semimajor axis, r° (AU3)

50000 A
10000 A

1000

100 A

= k, where k is a constant.

Neptune
Saturn Uranus
Jupiter
Mars I— The strai
lines expr
Venus Earth

Astronomical distances

lar orbit.
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MULTIPLE CHOICE CHAPTER

1. What would happen to the orbit velocity of a satellite if it were moved to an orbit of EXAM
higher altitude?
A Itwould decrease.
B It would increase.
C Itwould remain constant.
D It would need to exceed the escape velocity of the planet.

2. 'Who proposed the heliocentric model of the solar system?
A Nicolaus Copernicus
B  Galileo Galilei

C Johannes Kepler O
D Tycho Brahe Q~
3. The mechanism that provides the centripetal acceleration that satellites in or

experience towards Earth is:

A force tension.

B  mass.

C force friction.
D force gravity.

4. A satellite orbits Earth in a circular path with a speed of 7.5 aradius of
6.7 x 10°m. What is the orbital period of the satellite?
A 560s
B 4500s
C 5610s
D 6700s

5.  What does Kepler’s first law state abgtit Binetg®y motion?
A Planets move in circular orbi und ¥he Sun, with the Sun at the centre

of the circle.
B  Planets move in ellipticdlorbitdaround the Sun, with the Sun at one focus.
T p

C Thesquare of a pl eriod is proportional to the cube of its
mean orbital ragi
D Thespeedo @ het 1¥constant throughout its orbit.

6. What does ond law (law of equal areas) state?
A Thedi anet travels during its orbit is the same every year.
B nt joining a planet and the Sun sweeps out equal areas in equal times.
C tational force between a planet and the Sun is constant throughout

OrDit.
lanet’s orbital period depends only on its mass.

ich force provides the centripetal force necessary for uniform circular motion in
planetary orbits?
Electromagnetic force
Gravitational force
Frictional force
Tension force

ocawp

9780170483704 CHAPTER 6 | ORBITAL MOTION 147



148

8. The average orbital radius of Earth is 1.5 X 10" m, and its orbital period is 1 year. If a
planet has a mean orbital radius of 5.0 x 10" m, what is its orbital period?
A 2.0years
B 4.0years
C 8.0years
D 16.0years
9. How does Newton’s law of universal gravitation relate to Kepler’s third law?
A Tt describes how the speed of a planet depends on the distance to the Sun.
B It provides the mathematical explanation for the relationship between th o
the orbital period and the cube of the orbital radius.
C Itexplains why planets move in elliptical orbits around the Sun.
D Itdescribes how the Sun’s gravity varies with time.
10. What is the orbital period T of a satellite orbiting a planet of m gata
distance of 4.0 X 10’m from the centre of the planet?
A 2.0h
B 5.5h
C 12.4h
D 240h 0
SHORT RESPONSE
11. Find the altitude of a satellite in orQ @ nd@Earth when its orbital speed is 5.0km s.
Use r, =6.37 X 10°m and M, = 5.97 x W kg.
12. Determine the radius of @ orbit whose period is 12h.
13. Titan, a moon of Saturaf, has Mgan orbital radius of 1.22 x 10°km. It takes Titan

15days 22 hours to argind Saturn. Use this data to determine the mass
of Saturn.

CROSS-CHAPJER QUESTION

14.

Earth@rbig® the Sun with a slightly elliptical orbit, leading to variations in its orbital

t out the year. In January, Earth’s orbital speed is approximately 30.3km s,

jstance from the Sun is 1.47 X 10" m. In July, its orbital speed is 29.3km s™, and

jstance from the Sun is 1.52 x 10" m. The mass of the Sun is 1.99 x 10*°kg.

Calculate the centripetal acceleration of Earth at the two given points in its orbit.

b  Using the law of universal gravitation, calculate the gravitational force between
Earth and the Sun and the two given points.

c  Explain how these results align with Kepler’s second law and the elliptical nature of

Earth’s orbit.
DATA ANALYSIS
15. Analyse data

NELSON QCE PHYSICSUNITS 3 &4

A distant star system was observed over a period of time and the orbital times (T) and
average distances from the star (r) of the eight observable planets was recorded. The
orbital times were measured in seconds, and orbital distances in metres.
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The data was linearised according to Kepler’s’ third law and is shown below.

Orbital times and average distances from a star of eight observable planets

N
180

] S - %,
o O<<

120

100

. - Q_Q

a4 T

T2 % 10'2 (s?)

20 “‘

0 -F““ I I I I I I
0 20 40 60 80 100 0 140

P x 10%6 (m°)

Calculate the unknown mass of the star.

<
O
%
&
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SCIENCE AS A HUMAN ENDEAVOUR

Syllabus + Consider the international collaboration required to monitor the

dot point orbits of satellites, and the management of space debris.

* Consider the factors that contribute to positioning of satellites
used for observation of weather, natural phenomena, traffic and
military movements.

Physics 2025 v1.0 General Senior Syllabus © Q

The science behind satellite positioning and its impact

Satellites have become indispensable tools for observing Earth and pr
across various domains, such as weather forecasting, monitoring n,
managing traffic, and even tracking military movements. Unders the Science
behind satellite positioning and how it influences their tasks i | fOwappreciating the
human endeavour in practising science. Let’s dive deeper into t hysics and principles
that guide satellite placement and how they affect soci

The role of satellite orbits

The orbit of a satellite is one of the most importafit fa at determines its ability to
carry out its mission. The selection of a satellite’s Qghitd€ influenced by its purpose, the
physics of orbital motion, and practical cons ch as fuel efficiency and the need
to avoid space debris. Satellite orbits eflly one of several major categories, each
with their own set of uses.

Geostationary orbits
Satellites in geostationary
rotation, so they remain
ideal for continuous
data over large are, €0s nary satellite orbits are approximately 42 164 km in radius
(or35786 kmii itudeyApplications include:
«  Weather m@nitorigg: Satellites such as GOES (Geostationary Operational

Enviro llite) monitor weather patterns and track large-scale phenomena

ilon networks: These satellites support global communication systems by
ing consistent contact with ground stations.

th orbits

atellites in low Earth orbit (LEO) are much closer to Earth and complete orbits more

qUickly, meaning they pass over different regions throughout the day. LEO satellites are

typically up to 2000 km in altitude. Applications include:

» High-resolution imaging: LEO satellites provide detailed images of specific
regions, making them invaluable for monitoring natural disasters, traffic or even
military activity.

+ Constellations: To achieve continuous coverage, LEO satellites often operate in
constellations, where multiple satellites work together to provide consistent data as
they orbit.

Medium Earth orbits
Satellites in medium Earth orbit (MEO) are positioned between LEO satellites and
geostationary orbits, typically at altitudes of 2000-35 786 km. These orbits strike a
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balance between coverage area and orbital period, making them ideal for specialised

applications that require moderate coverage and latency. Applications include:

» Navigation systems: Satellites like those in the global positioning system operate in
MEOQ, enabling precise positioning, navigation and timing for users worldwide.

+ Datarelay: MEO satellites can serve as intermediaries between LEO satellites and
ground stations, supporting efficient data transmission for diverse uses.

Weather satellites

Weather satellites are critical for monitoring Earth’s atmospheric conditions, collecting

data on cloud cover, temperature, precipitation and other meteorological variables. They

operate in various orbits, each suited to specific tasks. Applications include:

» Geostationary weather satellites: Positioned to continuously monitor large areas, these
satellites, such as GOES, track large-scale weather patterns, enabling early warning f

storms and hurricanes.
» Polar-orbiting weather satellites: Typically, in LEO, these satellites, such as the

Geostationary
equatorial orbit

FIGURE 1 There are several fipes ofgsatellite orbits, each with their own set of applications.

The physics of satellite io
The principles that gg sa e orbits are based on the same physics concepts that
describe planetar . THese principles include:

satellite stays in orbit because the gravitational pull of Earth
an ary centripetal force to keep it moving in a curved path.
itg ORI he velocity required to maintain orbit depends on the satellite’s
% Earth. A satellite in a lower orbit (such as LEO) needs a higher
ity'¥Counteract the stronger gravitational pull at that altitude, whereas
dlionary satellites, much farther away, move at lower speeds to stay in sync with
s rotation.
. pler’s laws: These laws of planetary motion also apply to satellites, explaining how
the satellite’s orbital period depends on its distance from Earth, and why certain orbits
are more stable than others for specific tasks.

Technological innovations in satellite systems

The advancement of satellite technology and positioning systems represents the
intersection of physics, engineering and human endeavour. The ability to maintain a
satellite in a precise orbit while ensuring it can communicate with ground stations
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and other satellites requires the application of several physics principles and

engineering solutions:

+ Tracking and telemetry: Ground stations use radar and other tracking technologies
to monitor satellite orbits and ensure that they are functioning correctly. These
technologies allow adjustments to be made to satellite orbits, compensating for
factors such as atmospheric drag in LEO or minor gravitational perturbations from the
Moon and Sun.

+ Fuel efficiency and station-keeping: Satellites must carry fuel to adjust their orbit
especially in LEO, where atmospheric drag can gradually pull them out of orbi
Engineers use physics-based models to calculate the most efficient ways to
orbit, reducing the need for frequent adjustments and extending the satgh
operational life.

Impact on society

The careful positioning of satellites and the continuous innovatiQg ellit®technology

have profound implications for society. By observing weather g @ s, hacking natural

disasters, and supporting communications, satellite systems hefgimprove public safety,

environmental monitoring and global connectivity. Examgles include:

» Weather forecasting: The real-time data provided b satellites helps
meteorologists predict storms, monitor clima provide early warnings for
severe weather events, potentially saving live

* Disaster response: Satellites play a critic le itoring natural disasters such
as earthquakes, tsunamis and wildfires, p real-time imagery that helps first
responders assess damage and p cu@ operations.

* National security: Satellites used itary purposes help nations monitor borders,

track potential threats and eg
Global communication: T

e gloB®l security.
ructure for modern communication relies heavily
jernet access, television broadcasts and telephone

sting to global communication and disaster management, satellite
how human endeavour in science continues to shape the world
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Electrostatics

mer
Chapieropener

SYLLABUS \ . Qg kQq
DOT POINTS dng, 2 r?
Describe the concepts of electric fields, electric field strength and electrical

potential energy.

Solve problems involving electric field strength using E = E_ 1.9 kq .
Q 4me,r* r?

Solve problems involving the work done when an electric charge is moved in an electric

field using V=—U ]
q

SCIENCE INQUIRY
Investigate the effects of electrostatic charge on various materials, e.g. on
trickling water.
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Introduction

There are four fundamental forces: the strong nuclear force, the weak nuclear force,

the gravitational force and the electromagnetic force. The electromagnetic force is a
combination of the electrostatic and magnetic forces. All objects with charge emanate

an electric field. As charged particles come close to each other, their behaviour can be
described by determining the type of charge on the particle, its electric field, and how far it
is from another particle of charge.

Assessments Worksheets
® |earning checks 51, 5.2, 5.3 ®* Name
® Chapter exam ® Name

. - lame
Practicals

® |nvestigating the m&mification of al
microscrope

P

:‘l: Nelson I\/IlndTap To access yrc-ouices above, visit

cengac~.cuvi.au/nelsonmindtap
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ASSUMED KNOWLEDGE

A non-contact force is a force that can act on an object without direct physical contact.
Electric or electrostatic charge can be positive or negative.

An electron is a negatively charged subatomic particle.

A proton is a positively charged subatomic particle. 1

An inverse-square relationship between variables x and y means y o 7

S S S S«

The gradient of a linear graph can be calculated using E_AA_y'
run  Ax

Sl units may be used with prefixes such as kilo (k), micro (1) and milli (m).
The law of conservation of energy states that energy in a system must bg
v The ampere (A) is the unit for the current in a circuit and the volt (V) is t -

voltage in a circuit.
v W=Fs.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

<

LN

br the

v describe Coulomb’s law
1 Qq kQq

v solve problems using F=———"=—
Ame, r r

v describe and analyse the proportionajity th@exists between F and rin
electrostatic interactions
v interpret experimental data to confir e existence of an inverse-square relationship

v interpret or construct repre ions of electric fields by using field lines
. . F 1 k
v solve problems involvi Id strength, using E=— 9_x
Q 47rs 2o
v solve problems in egrork done and electric potential when an electric charge is
. A AU
moved in an el sing V=—
repulsive force when two X 4 X q
pa':tides of like charge v describe pgfentialdifference.
are forced away from

each other

y 4
oulomb’s law

attractive force when
two particles of unlike
charge are forced
towards each other

article has a surplus or deficit of negatively charged electrons, the particle is considered
be negatively or positively charged respectively. If two charged particles are separated by a

istance r, they exert an equal and opposite force on each other. This force can be classified as
attractive or repulsive, depending on the nature of the charge on each particle.

first law of electrostati
like charges repel and
unlike charges at

Force exerted on charged particles

If two positively charged particles are brought close to each other, they experience a repulsive
force; they will repel and move away from each other. If two negatively charged particles are

charges, inversely

proportional to the brought close to each other, they will also repel. Conversely, if a positively charged particle is

ng;:s i;g?nd;tgnce brought close enough to a negatively charged particle, they will experience an attractive force

inversely proportional and move towards each other. This can be summarised as the first law of electrostatics.

Lof ';EZ 23:2'&%"% The force that any two particles exert on each other is equal (Figure 7.1.1), and the magnitude

medium; F = Q9 of the force can be determined with Coulomb’s law. Coulomb’s law is also known as the second
r? law of electrostatics
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The movement of charges due to a repulsive force is described simply by Newton’s third law.
The forces F(by q on Q) and F(by Q on q):
« are equal in magnitude
« are opposite in direction
+ have the same fundamental nature
« each act on a different object.

KEY FORMULA ~

Coulomb’s law .
blinks

lomb’s law
F = _1 % = qu ICoulomb’s law video
2 2
4”‘90 r d oulomb’s law: calculating
where: the electrostatic force.
F = electrostatic force g exerts on Q (N)

g = charge (C) of one point charge
Q = charge (C) of the other point charge
r = separation distance of g and Q (m)
€, = permittivity of free space

Ame. 9.0 x 10°N m2C?; also known as Coulomb’s constant, k
0

Coulomb'’s law (simplified)

Coulomb’s law states that the force that
charged particle exerts on a second chgffge
particle can be found if the magnitude€’ofoth F(by g on Q) F(by Q on q)
charges are known, and the distag€e betwe ‘
them can be measured. Neggti ch@rged Q
particles are substituted i u s law
with a negative sign. If s cgficulated to

q

FIGURE 7.1.1 Two like-charged particles exert the exact same

be negative, it means etween the two repulsive force on each other. This causes the particle Q to move to the
particles is attractj e force is calculated left (from the force exerted by the interaction with charge q) and the

to be positive, i ¢ force between the particle g to move to the right (from the force exerted by the interaction
with particle Q).

ate the force exerted by a proton on an electron at a distance of 8 x 10”""m. This is the orbital radius of an
ectron in hydrogen.

ANSWER
1 Determine the formula.
__1 Qg
Are, r?

r2
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2 Substitute the known values.
Recall that the charge on an electron is —1.6 x 107'°C and the charge on a proton is 1.6 x 10'°C.
-1.6x107" x1.6x107"°
(8x107)?

3 Calculate the answer.
F=-3.6x10°N

The negative sign indicates a force of attraction between the proton and the electron.

PRACTICAL ACTIVITY 711 OO
ELECTROSTATIC FORCE Q~
Research question

How do charged objects move charged stationary objects by electrostatic force?

F=9.0x10° x

Aim
To observe how charged objects can move electrically charged stationary olffectg ctrostatic force
& What are the risks in doing this activity? How \ «.. “*ou manage these risks to stay safe?
RISK
ASSESSMENT | papending on the size of the electroscope, it é réfto place the electroscope properly on the
could cause injury if dropped. ch top
Materials
electroscope « fur +  Perspex rod +  balloon
Procedure
Part A

1 Set up the electroscope. Wrapfie f
This will cause an electron

d the Perspex rod and quickly move the fur up and down the rod.

frgen the fur to the rod, making the rod negatively charged.

2 Remove the fur and bri d end of the Perspex rod close to the conduction plate of the electroscope.

3 Observe what happ leaves of the electroscope.

Part B
1 Blow up the b@ nd rub it rapidly on your head until you notice that hairs are sticking up to the balloon.
2 Turn onfa tap ere is a light stream of water coming from it.

3 Brin ed part of the balloon you were just rubbing on your head close to the water stream without
uching it to the water. Observe what happens.

nalWsis’of results

1 m your knowledge of electrons, explain why the electroscope leaves and the water move when a charged
object comes close.

2 InPart A, do you think you would have noticed anything different if the rod was positively charged instead of
negatively charged? Explain your answer.
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LEARNING CHECK 7.1

DESCRIBING

1 Contrast an attractive force and a repulsive force.

2 State the values and units for charge on an electron and proton.

3 State the formula used to determine the force exerted on a charge from another charge over a distang€.

4 Show that the permittivity of free space has a magnitude of 8.84 x 10-'2, using k =9 x 10° and the for for

Coulomb’s law FzL% or F=ko—zq

Ame, r? r

APPLYING
5 Acharged particle of 8uC is separated from a charged particle of —=7C by a distance™ Y Calculate the
force that these two particles exert on each other and state whether the force is a§ &0 repulsive.

6 Two charges of 9uC are separated by 30cm. Calculate the force of repulsion th 8harges exert on each other.

7 Calculate the force on an electron due to a helium nucleus containing two pr s and two neutrons at a
separation distance of 8 x 10-""m

8 Calculate the force on the helium nucleus due to an electron at a dista 3}pm. State the direction of the force.

Solving problems u
Coulomb’s law

Solving problems with Coulomb’s law is mo d than simply putting numbers into a
formula. When experimental dataisobtain nowyn relationship, thedatacanbe manipulated
to find an unknown constant in the Additionally, formulas can be algebraically

manipulated to acquire a deeper u of the relationships between variables.
Algebra: relatio g tween variables

It is possible to determj ch the force on a charged particle changes, even if we do
not know specific val ample, we can determine how the force on a charged particle
changes if the di e DRgween it and another charged particle increases or decreases by a
given factor. Ad ¥we can determine how the force of a charged particle changes if the

magnitude §
Congjdd
whenfSepar

e on the other charged particle increases or decreases by a given factor.
lowing example. Two point charges q and Q exert a force F on each other
ed by a distance 7. This can be represented as:

Pl G
4mey 1*

r

If the distance separating these two charges doubles, this can be represented as:

_ kqQ
@ry

2r
The denominator can be simplified as:

_ kqQ
4r?
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This can be further separated as:

. T . ki
By using our initial information that F = —= , we see that:

r
1 q ’
FZrZZF

This shows that as we double the distance r between q and Q (i.e. increase the di cQy a
factor of 2), we quarter the force the charged particles exert on each other.

Graphing: relationships between variables

Relationships between variables are not always simple. In your st sics, you have
been exposed to a range of proportionalities. These include dir opgrtionalities, squared

proportionalities and inverse proportionalities.

WORKED EXAMPLE 7.2.1 0@

A charge g is separated from a charge Q by a distance r.
a How does the force on g change if the magnitude of the charge on bled?

b How does the force on g change if g and Q remain the sam e @istance between them decreases by a
factor of 3?

ANSWERS

a 1 Determine the formula.

F_ka
-
2 Determine the impact of doublinc)

kq2Q
20 2
Separating the 2 from the rat@r gives:
Foo=2x% kq_zQ
P
and substituti , We can conclude that:
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which can be further simplified as follows:

o 0]
3 r
kqQ

Substituting F =—— into the equation, we can conclude that:
F =9F
3

When the separation distance between q and Q is decreased by a factor of 3, the force is 9 ti

&

This quantitatively verifies what we stated as the second law of electrostatics: that the ford
between two point charges is directly proportional to the product of their strengths angsi
proportional to the square of the distance between them.

F<><OqandF<xl2 Q~
P

An excellent way to determine the relationship between variables is to grap#t them. Mja linear
function is obtained when the two variables are plotted against each othe§ th¢’relationship is
it is hard to
&l program to draw

determine the type of function from a set of data; however, using a sp
aregression line and find an appropriate function describing thaged very helpful.

Experimentally, if q is separated by a fixed distance fro harge on Q continues
to increase in magnitude, we will obtain a graph similar in §gure 7.2.7a. If g and Q are
fixed in charge and magnitude, and we increase the distancbetween them, we obtain a graph
similar to that in Figure 7.2.1b.

=V

FIGURE 7 M A inear function. This function has a constant gradient, showing that the factor

igh will directly affect the force F in the same fashion. (b) An inverse-squared
fungffion. Thjs Tlnction shows that as the separation distance is increased, the force F between the
particles decreases dramatically and in an inverse-squared relationship.

In Coulomb’s law, we can deduce the following relationships:
Foeq
Fe<Q

Fo —
V2

These are found from the theoretical relationship of Coulomb’s law. It is important to note
that relationships are stated between variables, not constants. It does not make sense to say that
F o< k because constants are used to help equate variables.
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Manipulating data with Coulomb’s law

When collecting data, it is very important to manipulate the data in order to find constants
that equate the variables tested. At any given time, only one variable can be changed (the
independent variable, usually plotted on the x-axis) to test its effect on another variable (the
dependent variable, plotted on the y-axis); all other variables in the experiment remain consta

The effect on F of changing g

As one point charge changes in magnitude, the other point charge and the dlstance -
point charges remains constant. It is possible to plot F against q in order to deter ype
of relationship between F and q.

WORKED EXAMPLE 7.2.2 Q.

Two point charges A and B are separated by a distance of 50cm. Point charge A has afi arge of 2mC, and
point charge B can have its charge varied. The force on point charge A was measuged as th&gharge on point charge
B increased and the data recorded in the table.

Charge on B (C)

0.002
0.004
0.006
0.008
0.010 7.20 x 107

Plot the force on A against the charge on B to detgfmine th&#/pe of relationship between F and g.

ANSWER

orge on A (N)

&

8.00 x 107 C)

7.00 x 107

6.00 X

00 x 107
2.00 x 107
1.00 X 107 -
0.00 . . . T T —>
0 0.002 0.004 0.006 0.008 0.010 0.012

Charge on B (C)

Note that the relationship between F and q is directly proportional. As g increases, F increases proportionally. This
is indicated by the linear trend line.
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The effect on F of changing r

As both point charges remain constant but the distance between them changes, it is possible
to plot the force F that the point charges exert on each other against the separation distance r,
to determine the type of relationship between F and r. This relationship is reinforced when the
data is organised linearly.

The inverse-squared law %
When graphing data, there are many types of curves that look quite similar, and it is very O

hard to distinguish between them if a relationship is being looked for with no prior knowledge
(Figure 7.2.2). This is where the process of manipulating data to demonstrate a linear
relationship becomes helpful. O

a A Inverse relationship b Inve ar@d relationship
1.2
104 o
0.8 -
0.6 -
0.4 -

0.2

@
....‘

0 T T —
0 5 10 15 X

0 5 10 15 X

FIGURE 7.2.2 (a) An inverse relationship. (b) An in
may be difficult to distinguish between these rel

¢ nature of the relationship.

The following data wa
manipulating data t

hen like charges of 5uC were separated by an increasing distance r. By
€ar relationship, find an experimental value for Coulomb’s constant, k.

2250 0.01

O 563 0.02
Q 250 0.03
141 0.04

90 0.05
63 0.06
46 0.07
35 0.08
28 0.09
23 0.10
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ANSWER
From theory, we know that the relationship between F and r is an inverse-squared relationship. Making a new
column for 12 we obtain the following:

|
S
2250 0.01 10000
563 0.02 2500
250 0.03 1111 O
141 0.04 - 625 | O
90 0.05 400
63 I 0.06 278 "
46 0.07 204
35 0.08 156

28 0.09 123
23 0.10 10

Separating Coulomb’s law, we can see that:
kqQ

e «
2 Draw a graph to represent the relatighship betWeen F and lz
r
By plotting F against iz,the %'II equal to kqQ.
r

1 Determine the formula.

2 Q - F vsl
rz
0
y = 0.225x
0
Q 1500
Q
e
(=}
('
1000
500
0 >
0 2000 4000 6000 8000 10000 12000
1,
) (m™?)

164 NELSON QCE PHYSICSUNITS3&4 9780170483704



3 Determine the formula to calculate k.
Gradient =m =0.225N m?
0.225=kqQ

~0.225

© Q-

4 Calculate the answer. %
P 0.225 Q
5x10° x5x10°°

. k=9x10°N m? C? O

As expected.

k

LEARNING CHECK 7.2

DESCRIBING

1 State the relationship between force and distance for two charged paRi¢les @and g.

APPLYING
2 Acharge of 4mC is separated from a charge of —2mC by culate the force these particles exert on
each other. Remember to also state the nature or dir e force.

3 Calculate the distance between charges of 7uC an
of repulsion.

when the force they exert on each otheris 1.89N

separated by a distance r. How does the force of repulsion
tripled?

other, are separated by a distance r. By what factor does the
n the distance between them is halved?

5 Two unlike charges, one double the
force of attraction between them nge

6 For two point charges Q and w do®g the force on Q change when g is halved and the separation distance
is doubled?

7 Fortwo point charges @@and g, does the force on Q change when the distance between Q and g is increased
by a factor of 5?

ANALYSING

of®50C each were separated by a distance r. The force exerted by each charge was

8 Two point g @ :

measurggd 1 a Coulomb meter at increasing separation distances, as shown in the table.
0.05 9001
0.10 2250
0.15 992
0.20 566
0.25 365
0.30 251
0.35 180
0.40 147
0.45 120
0.50 92

Plot F on the y-axis against 12 on the x-axis and use the gradient to determine Coulomb’s constant, k.
r
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SYNTHESISING

9 An experiment in which two point charges of 3.5uC and —5.5uC were separated by a distance r. The force
exerted by each charge on the other was measured with a Coulomb meter at increasing separation distances,

as shown in the table.
FN

5 7000
10 1742
15 203
20 431 O
25 281
30 192
35 137
40 106
45 89
50 70

Graphically analyse the data to determine an experimental va 0 nd'e,. Identify any anomalies.

7.3 Elects

electric field the field All objects with ele emanate an electric field around themselves. This field

duetoan electric charge,  jepends on the sjgemof th&gharge, and the distance from the charged object. In section 7.2,
which applies a force on

other electric charges you used Coulorlb’s lawj to calculate the magnitude of the force that charged particles exerted
on each othgf. on these particles exert either an attractive or repulsive force on each
other is dui hejg electric field.

D IC Tield strength
1elds emanate outwards from charged objects or particles. The electric field at a point

Weblinks O fined as the force per unit charge that acts on a small positive test charge at that point

Electric charge and igure 731)
electric fie
NASA discors a
long-sou@it al
electric fiel

FO ong
=
+Q +q

FIGURE 7.3.1 (a) A large positive charge repels a small positive test charge. (b) A large positive
charge attracts a small negative test charge. Note how the electric field radiates out from the large
positive test charge.
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The electric field strength at any point can be determined from:

g-L

q
Force is a vector, which means that the electric field is also a vector quantity and has both

magnitude and direction. An electric field exerts a force in the direction of the field on a positive
charge, and in the opposite direction on a negative charge. Table 7.3.1 shows the approximate
electric field strength and direction of different appliances and electric sources.

KEY FORMULA

Electric field strength

q
where:
E = electric field strength (N C)

F = force acting on test charge g (N)
g = charge of the test object in the field (C)

TABLE 7.3.1 Some typical electric field strengths at everyday distances

Electric field due to ... Approxin at’...>ld strength (N C-")

a hairdryer, 20cm away

a thunderstorm 50, upwards

Earth’s fair-weather field 100, downwards

high-voltage overhead power lines, 30m aw 10-1000
an electric blanket, 10cm away 2000
WORKED EXAMPLE 7.3 1
A battery is connecte 38,2 gfece of copper wire resulting in an electric field of 3.0NC™" in the wire. What is the

force on an electro

ANSWER

1 Deter rmula.
£_F

earraihge the formula to find F.

ubstitute the known values.
We know that E=3.0N C" and that g =-1.6 x 10"°C.
F=3.0x-1.6x10""
4 Calculate the answer.
=-48x107"N
The force is in the opposite direction to that of the field.
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The electric field strength can also be found if
KEY FORMULA the force is unknown, but the charge emanating
from the electric field is known, as well as the

e el e i i & 5 Wilaom distance the test charge is from the source. The

E- 1.Q greater the distance between the test charge and
B 4rme, P the source of the electric field, the smaller th
where: force the test charge will experience, and h
Q =large charge (C) the smaller in magnitude the electric fiel@is gt
r = distance (m) between g and Q that point.
7 L 9 x 10°N m?C-? also known as Coulomb’s constant, k As O
TE,
F
Electric field strength simplified: E= 4 1) O
E= k_Q and
r2
F =
ERNC)

We can substitute (2) into (1) to obtain the following:

E:Lq2
4ne, r
1

E:

and

The electric field from Q
this logic, if r is large eno

WORKED EXAMPLE 7.3.2

What is the electric field strength ogfa test e q ifitis placed at a distance of 5.5m from a source charge of 4.6uC?
ANSWER
1 Determine the for Q~
E= 41:80 r22 @
2 Substitute t values.
4819

3 Calc answer.
3 c™
It is important to note that in all calculations between a large charge Q and test charge q,
the field of Q is so much larger than that of g that the field of q is not represented in diagrams.
electrostatic field E|eCtrIC ﬁeld |IneS
model the model that
assigns an electric field Fields can be represented by field diagrams. An electric field diagram has lines with arrows to
itsotsr:iast'f?gg?hg;a;?;f’s t show the direction of the force on a small positively charged test particle. This model is called
forces on other charges the electrostatic field model.
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To draw a field diagram, start by considering the force on a test charge at various points.
Start with a single positive charge and think about what happens when you put a small positive
test charge close to it. Like charges repel, so the test charge will be accelerated away from the
positive charge. By looking at these force vectors in Figure 7.3.2, we are able to extrapolate
these force vectors into electric field lines that demonstrate the direction a positive test charge  electric field lines net
will move when placed close to the source. Conversely, if we apply the same logic with the same Itir?:?jicr):,é?iro%eapo.osi't‘g n
force vectors with a positive test charge being acted on by a large negative charge, we obtain the test chargegwi e
field lines pointing in the opposite direction (Figure 7.3.3). when piagfd ig th

electric etoa
ch

a b Py c .
() K4

Weblink

\ l / Electric field lines

q v N
@ : 1 :
Q v
FIGURE 7.3.2 (a) A test charge is accelerated away from the positigggou rge. (b) The size of
the vector decreases as the distance between test charge and source jncreases. (c) Join up

vectors to obtain electric field lines. Note that field lines alwaygffofit algay from a positive charge.

FIGURE 7.3.3
towards an

FieldMn f two close charges

A d negative charge are attracted to each other. Coulomb’s law allows us to calculate
nitude of this attraction, and field lines allow us to visually represent how this

afgaction occurs.
Conventions for drawing electric field lines:

« Field lines point in the direction of the force acting on a positively charged particle due to
the field.

« Field lines never cross, because they represent net lines of force.

« Field lines begin on positive point charges and end on negative point charges.

« Field strength is proportional to the density of the field lines.
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uniform electric field an
electric field that has the
same magnitude and
direction at all points;
characterised by parallel
field lines

al
o‘:

Weblinks
Earth’s vertical electric fie

Electrical potential ener;

&

Uniform electric fields

A uniform electric field is one that has the same magnitude and direction at all points. A
uniform electric field exists close to any large, flat, uniform distribution of charge. On a small
scale, a uniform electric field can be created by two charged parallel plates. This arrangement of
charged plates is called a capacitor (Figure 7.3.4).

o
T S e
22222222 22
|
o

FIGURE 7.3.4 A uniform electric field formed between the @pa llel plate capacitor.
On a larger scale, we can look at the field very cl@se tgflhe®rface of a large charged sphere,

such as the dome of a van de Graaff generator. In th¥g casg¥the field is approximately uniform.

You have seen and used this useful approxima y times before for the gravitational field
of Earth. Every time you write F=mg, yo ing the approximation that Earth is flat. Most
of the time this is perfectly reasonable. to the surface of Earth, the gravitational field is
effectively constant.

has well. You will be familiar with the effects of Earth’s
gugf 7.3.5). In sunny weather, Earth has an electric field

of approximately 100N ting'"downwards. Although the field varies over the surface of
Earth, it can be treat un for distances of a few hundred metres or less. The force due
to Earth’s electric on all charged particle (e.g. an electron) is many orders of magnitude

greater than the fOrce o it due to the gravitational field. For neutral objects such as humans, the
gravitationayforcey ch greater.

This applies to Earth’s electy
electric field in stormy we

a

Y VY N

FIGURE 7.3.5 Earth’s electric field in (a) sunny weather and (b) stormy weather. Note that in stormy
weather, the field changes direction and is stronger, as is indicated by more densely drawn field lines.

Electrical potential energy

Just as the gravitational field does work on an object falling or being lifted in a gravitational field,
the electric field does work on a charged object in an electric field. For example, when a pencil
falls from a height h, the gravitational field does work on the pencil, and the pencil accelerates
towards the ground. The same happens to a charged object when placed in an electric field. The
charge will accelerate in the direction of the field. In both of these cases, the work done on the
pencil or charge is equal to the change in potential energy of the system.
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Although we refer to these objects as having potential energy, this is not strictly true. Rather, the
objects within the field have potential energy. We could say Earth and the pencil combined have
the potential energy, or even the gravitational field and the pencil. Potential energy exists whenever
a force acts between objects, and hence a small isolated charge cannot be said to have potential
energy on its own. It only has potential energy because of its interaction with an electric field.

Hence, fields are not only a way of exerting a force at a distance, fields also store energy. The
gravitational field stores gravitational potential energy and the electric field stores electrical
potential energy.

When considering a charge in an electric field, it is important to consider the electrical
potential (or just ‘potential’ of that charge). Electrical potential has the same relationship to

potential energy that the field has to force. The field is defined as force per unit charge E = r

[ e

and the potential is defined as the potential energy per unit charge V = E The electi
potential, V, is measured in JC™', also known as volts. q

The difference in potential for a charge at different points in the field is called thegeg
difference or, more commonly, voltage. The change in potential energy when a ch4
is displaced in a field is equal to the work done on the object. More specificglly, th&gotential
difference for a displaced charge in an electric field is equal to the work e ger unit charge
during the displacement.

KEY FORMULAS
Electrical potential

AU

where:
V = electrical potential of a charge (V)
AU = change in potential energy (J)
g = magnitude of the charge in the fiel (%C)

&

Potential difference

where:

AV = potential diffege between two points (V)

AU = change in -@ i ergy (J), also known as the work done on the charge
g =magns i the charge moving in the field (C)

'"NURKF D EXAMPLE 7.3.3

00V m™, so the particle passes through a potential difference of 100V.
What is the work done on the alpha particle?

ANSWER
1 Determine the formula.
av=2U_W
qg g
W =qAV
9780170483704

electrical pgteWgi

stored i ctric field

the ghang potential

elie : ject

E - elwork done
thatghject by the

tric field

ectrical potential
potential energy per unit
charge in an electric field,
measured in volts (or
JC7)

potential difference the
difference in potential
between two points in an
electric field; work done
per charge

An alpha particle of 3.2 x 107"°C moves at a distance of 1.0m along Earth’s fair weather field lines. The field is
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2 Substitute the known values.
W=3.2x10"C x 100V

3 Calculate the answer.
W=3.2x10"J
The magnitude of the work done is 3.2 x 1077 J as the alpha particle is moving with the field.

Positive and negative potential difference

A positively charged object released from rest in an electric field will be accelefa
direction of the field. The force exerted on the object by the field acts to i
energy. From conservation of energy, we know this kinetic energy must comd
It comes from a decrease in potential energy. Hence, the positive charge
of higher electrical potential to one of lower electrical potential, so A gative.

If a negatively charged object moves from higher to lower p 1 S§ghat AV is negative,
then the change in potential energy, AU, is positive. This can o appen if the charge has
some initial kinetic energy, or if some external force isgloing work on the system. This is
shown in Figure 7.3.6. This is the case for an electron 1 ircit passing through a battery.
Table 7.3.2 summarises the changes in potential e en a charge moves in a field.
The field will do work on the charge when a positivgcharge moves with the field or a negative

charge moves against the field. Work must b e system to make a positive charge
move against the field or a negative char 0 ith the field.

a b d

E E E E

> > >

> > >

tqe > N < N 9 ‘ S ° A >
7 7 7 7

AU<O0 N AU > AU>0 N AU<O0 N

7 7 7

FIGURE 7.3.6 Kinetic energy and ele energy changes when a charge moves in an electric field. (a) A positive

in E,, and an increase in U, and ential difference is positive. (c) A negative charge moving in the direction of the
field experiences a decrea
moving against the dire
negative. Note that if, ge in potential is positive, the potential difference is also positive and vice versa.

Q TABLE 7.3.2 Changes in potential energy for a charge moving in an electric field

Charge ith or Change in Work done
against the field lines potential energy
+

With Negative (decrease) By the field
+ Against Positive (increase) On the field
- With Positive (increase) On the field
- Against Negative (decrease) By the field
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WORKED EXAMPLE 7.3.4

An electron in an X-ray machine is accelerated through a potential difference of 100kV before colliding with a target
and emitting X-rays. What is the energy of the electron just before it hits the target?

ANSWER
1 Determine the formula.
c@ghto

If the electron accelerates from rest, before it hits the target all its potential energy will have con
kinetic energy.

So:
AU = qAV O
2 Substitute the known values.
AU=1.6x10°C x 100kV Q~
3 Calculate the answer.
L AU=1.6x107"4J
This is the energy the electron has just before it hits the target.

The zero of potential energy

The changes in the potential and potential energy of a sysgem' © positive or negative,

depending on how we define the zero of potential e @ .

convention as gravity in this circumstance, so that the ze¥, of potential energy is when the ‘gyi?g;';fg?;%ﬁ?tgl’ythe
components of the system are infinitely separated | the Charges that make up the system  far apart; any other
are very far apart. arrangement has

K . . . positive or negative
Consider the case of two positive charge t. This arrangement has zero potential potential energy
energy. If we want to bring them closer

a final arrangement, we have to do work
on them because they will repel each

energy is positive. Now consider g positive @nd negative charge very far apart so that their
arrangement has zero potentialgen&ggy. THese charges attract each other, and if we release them
from very far apart, they wi ds each other. This causes an increase in kinetic energy
and hence a decrease ingsg

ctrostatics uses the same zero of potential energy

etclyan electric field diagram round a point positive charge and around a point negative charge of twice
€ agnitude.

State the difference between electrical potential and electrical potential energy.

Explain how a change in potential energy for a charge moving in an electric field can be concluded to be positive
or negative.

4 Compare a uniform electric field and a non-uniform electric field (such as a field produced from a point charge).

APPLYING

5 Acurrent of 4.0A flows through a 12V battery for 2.0s. What is the change in potential energy of the battery?
6 Whatis the electric field strength of a proton at a distance of 2cm?
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Solving problems in
electric field strength

Solving problems involving electric field strength requires an understanding of the scenario,
The electric field due to a point charge varies with the size of the charge, and decreases wi

the distance squared from the charge. Additionally, electric field strength can be determip€d b
considering the force that one point charge Q exerts on a second point charge q.

WORKED EXAMPLE 7.4.1 OO

Two conducting spheres each of charge 6.0uC are hanging by insulating thread from a beam

Find the electric field strength experienced by each sphere if they are 10cm apart. Draw a g of the scenario
showing the forces acting (F,, F,and F).

ANSWERS

1 Determine the formula.

Ezixg
Ame, r*

2 Substitute the known values.

E=9.0x10°Nm? C™ XM
0.7
3 Calculate the answer.
E=5.4x10°NC"
4 Draw a diagram to represent the scenario.
Electrostatic repulsion and force weight& the two charges into equilibrium.

GO
&
O

+6uC +6uC
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WORKED EXAMPLE 7.4.2

If a charge of 4.6uC is placed 11 m from a test charge g, what is the electric field strength the test
charge experiences?

ANSWER
1 Determine the formula.
E= L ><g
4re.  r?

2 Substitute the known values.

-6
E =9x10°N m?c2x 26x10°C

(1m?)’ O
3 Calculate the answer.

E=342NC~

Electric charges create electric fields, and electric fields store %
electrical potential energy. If a test charge is placed in an electric @ MULA

field, work will be done on or by the test charge. This is governed

by the potential difference between two points in the electric fiel F=qE
Charges placed in electric fields can be initially station qE
move according to the field, or they can have some initial ty. a= m

Even though charges can be considered stationary when pfagced
in electric fields, tt.le fact that the}r have electrical 2 F = force applied ona test charge (N)
means that they will end up moving. Charges a = acceleration of the test charge g
electric field they experience a force, so they4i 2 according (m s2, a vector quantity)
to Newton’s laws of motion.

where:

E = electric field strength (N C™, a vector

Newton’s first law tells us that an ghject Sgperiencing a net force quantity)
will accelerate. Newton’s second @w quantifies this acceleration g = charge of the test charge g (C)
as a = E From the definj electric field E = Ed , m = mass of the test charge (kg)
we can s’:le that F=Eq;t ﬂ This is the acceleration
a charge q will expe n in arrln electric field, due to the

electrical potentig

a channel in a cell membrane. What is the electric field in the membrane?

SWER

1 Determine the formula.
gE
m
2 Rearrange to find the unknown.
e
q

a=
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3 Substitute the known values.
.67 x107° x4.8x10"
3.2x10™"

4 Calculate the answer.

E=1.0x10’NC~
The electric field is in the direction of the acceleration of the positive charge.

WORKED EXAMPLE 7.4.4 O

Consider a sodium ion (Na*) of mass 3.82 x 10-2°kg travelling through a channel in a cell mem ) lectric
field strength in the membrane is 1.0 x 107 x N C~', what acceleration does the sodium ion ex

ANSWER
1 Determine the formula.
qE
a=—
m

2 Substitute the known values.
ae 1.6 x10™" x1.0 x10’
3.82x107%
3 Calculate the answer.
a=419%x10"m s

LEARNING CHECK 7.4 &

APPLYING

1 Calculate the electric field stre m ffom a charge of 25uC.

2 The electric field strength 12 m @ charge is 1.0 x 102N C-'. Determine the size of the charge.

3 The force experienced b ec in an electric field is TOON. What is the magnitude of the electric field?
4 At what distance fro ect carrying a charge of 4.0 x 10-8C would the electric field strength be

2.3x10°NC"?
5 |Ittakes 155J g

the electrical @

6 What isgfic’elc@usiell potential at a distance of 2cm from a charge of 5.0 x 107C?

7 on m@ves in an electric field from a point at which the potential is 1.5V to a point at which the potential
ine the change in the potential energy of the electron.

his change positive or negative?

bring a charge of +11 C from infinity to a positively charged conductive sphere. What is
p| Of this sphere?

at is the acceleration of a sodium ion (Na*) of mass 3.82 x 10-2°kg in an electric field of 5.0 x 10°N C-".

ANALYSING

9 Two positive charges of 10uC and 20uC are situated 50cm apart in air. Determine the electric field strength
midway between these charges.
10 Determine the speed of particles accelerated from rest through a potential difference of 1000V when the particle is:

a anelectron? b aproton?
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Coulomb'’s law CHAPTER

«  The electrostatic force between two point charges is directly proportional to the product SUMMARY
of the magnitudes of the charges and inversely proportional to the square of the distance

between them.
po_1 Q4 _ ke

arey 1

«  The force is attractive if the charges are opposite in sign and repulsive if the charges are of

the same sign. O
F(by g on Q) F(by Q on q)
%l

QR
Q q

e Anelectric field, E, is a region around a charged particle where o cha experience

Electric fields

a force.
«  Electric field strength is the force per unit of charge experie ositive test charge
placed in the field.
q 4mey rt P

«  Electric fields can be visually communicated @
positive charges to negative charges. ThegensitWg
strength of the electric field. Field li T CL®SS.

ic field lines, which point from
ectric field lines indicates the

. Uniform electric fields have the s

agn
represented by equally spaced@al es.

€ &

de and direction at every point, often

N
<IN

c
1T

A

R\l/z
—@P—
/l\

74 N
“ $
v

-
N
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Electrical potential energy

«  Electric fields do work on charged objects within the field.

»  When a charged object is placed in an electric field, the charge accelerates in the direction

of the field.
v = AU
q Q

«  The difference in electrical potential energy for a charge at different points in
called the potential difference, or voltage, V.

«  When a positive charge moves against the direction of the electric field, g
negative charge moves with the direction of the electric field, the electri@a gntial
energy will increase as work is done on the field.

+  When a negative charge moves against the direction of the elegiigic€ld, or when a
positive charge moves with the direction of the electric field @ ect®cal potential
energy will decrease, as work is done by the field.

A
Qg/C)
Q~
C)O
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MULTIPLE CHOICE

1. An attractive force would be observed in which of the following scenarios? EXAM

A An electron placed near an electron

B A proton placed near an electron

C A proton placed near a proton

D Analpha particle placed near a proton

them is 1500N. Which of the following must be true?

2. Acharge q is separated from a charge Q by a distance r. The force experienced between :

A gand Q are attracted to each other.

B g and Q have the same magnitude of charge.

C qand Q have like charges.

D gand Q have a magnitude of charge smaller than 1C.

3. The field diagram below shows the interaction of two fields.

These fields are due to: Q
A two positive charges.
B two negative charges. &

O

C two neutrally charged sp .
D apositive and negative cliarge.
4. Kinetic energy change a ge moves in an electric field. If the kinetic energy of

B charge
C chan 1al difference must be positive.
D ¢ inotential difference must be negative.
5. W ollowing are the units for an electric field?
N

What work needs to be done to move a charge of 2.0 x 10™*C across a potential difference

Vah!
E
0 D kgmC

of 6.0 x 10*V?

A 1.2x107J
B 12x10"J
C 30x10™"J
D 3.6x10"7J

9780170483704
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7. Two charges, ¢ =2.0uC and g =-3.0uC are separated by 0.50m. What is the magnitude
of the electrostatic force between them?

A 0.22N
B 1.08N
C 216N
D 3.60N

8. Ifthe distance between two charges is doubled, how does the electrostatic force betgfee
them change?
A Itdoubles.
B Itishalved.
C [Itisquartered.

D Itremains the same. O
9. What is the electric field strength E at a point 0.25m away fro %rge

q=3.0uC?

A  431x10*NC*
B 2.88x10°NC™*
C 540x10°NC™*
D 4.31x10'NC?

10. A charge g =5.0x107?C moves through aunif tric field of strength 500N C™ over
a distance of 0.020m. How much work is he charge?
A 50x107°]
B 50x10%J
C 1.0x107J
D 2.0x1077J
SHORT RESPONSE »

11. Sketch the shajfe ofghe el€ctric field due to the charges shown in the following regions.

& B
Q@ e

. *Within a helium nucleus, two protons are separated by a distance of 1 x 10™*m.
Calculate the size of the Coulomb force between them. Ensure you state whether it is
attractive or repulsive.

Note: The charge of a proton is of the same magnitude as a charge of an electron.

13. Four point charges, A, B, C and D, are arranged on corners of a square of sides 25cm. If A
and B each have a charge of +1 uC while C and D each have a charge of +2uC, what is the
resultant force in a charge of +1uC placed at the centre of the square?
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CROSS-CHAPTER QUESTION

14. Inavacuum chamber, an alpha particle with a velocity of 1.200m s entered a region
between two electrostatically charged plates (A and B) with a uniform electric field
between them of 2.080 x 107N C. A top view (looking down on the apparatus) showing
the path of the alpha particle is illustrated below.

I ] Plate A

Path of alpha
particle

a  Deduce the charge (negative or positive) of plate A and plate B.
Describe what the electric field lines would look like between tife ty® plates.

c Determine distance w at the point in the alpha particle’s p hétg ifs closest to
plate A.
DATA ANALYSIS

15. Analyse data

The following table shows how the electrostati
for increasing separation distances r.

rce chges between two 10uC spheres

60
10 0.95
Y
f , 20 0.22
25 0.15
30 0.10
35 0.05

e data to obtain a linear relationship and use that to determine an
#l value for the constant k from the gradient.
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CHAPTER

8 Magnetic fields

SYLLABUS DOT

POINTS
d magnets.

Describe the generation of a magnetic field from a moving electric charge.

Solve problems involving the magnitude and direction of magnetic fields around a
/
straight electric current-carrying wire and inside a solenoid using B =5—° and B=pnl.
nr
Describe the force experienced by electric current-carrying conductors and moving
electric charges when placed in a magnetic field.

Solve problems involving the magnetic force on an electric current-carrying wire and
moving charges in a magnetic field using F =BILsin6 and F = qvBsing.

Interpret data relating to the force acting on a conductor in a magnetic field.

Interpret data relating to the strength of a magnet at various distances.
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SCIENCE INQUIRY
+ Investigate the force acting on a conductor in a magnetic field.

+ Investigate the strength of a magnet at various distances.

Introduction

Magnetic fields are important to us in many ways. Organisms such as pigeons, sharks, bees
and bacteria use Earth’s magnetic field to navigate by, and humans have used it to navigate
by for thousands of years. The properties of magnetic materials such as magnetite and

iron in Earth’s crust have only been explained in the last couple of hundred years. It is the
properties and behaviour of fundamental particles such as electrons that give rise to thg
magnetic behaviour of metals such as iron. In order to understand magnetism, scientis
need to extend the previous model of the electromagnetic field.

Assessments * Make your own electomagnet’s
e |earnfag.cleclisf51,%5.2, 5.3 (online-only resou ce)
* Chapter exm Worksheet~

Practicals * Name

® Name
® VISUALISING MAGNETIC FIELD LINES
(online-only resource) ® Name

:‘|: Nelson I\/IlndTap [ access resources above, visit

cengage.com.au/nelsonmindtap
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ASSUMED KNOWLEDGE

Materials can be magnetic or behave like magnets.

Magnets can exert forces on each other and other objects.

A non-contact force is a force that can act on an object without direct physical contact.
A field in physics is a region in which each point has a physical quantity associated
with it.

In physics, field lines are used to represent fields.

A traditional directional compass is a device in which a movable needle orienta
according to Earth’s magnetic field.

Electric current is the flow of electric charges and is measured in ampere

An alpha particle is a helium nucleus of known charge and mass.

An electron is a subatomic particle of known negative charge and

A proton is a subatomic particle of known positive charge and m

< LN NS

<

L NS

LEARNING OUTCOMES

By the end of this chapter, you should be able to:
v describe the concept of a magnetic field

v describe magnetic phenomena such as p ifis, the laws of attraction and
repulsion, the types of magnetic materials) magnetic field and aurora
v sketch magnetic field lines due to glectric charge, electric currents

and magnets
describe the generation of a g
v solve problems involving tQ€

<

gnetic fgld from a moving electric charge
jtude and direction of magnetic fields around a

. . - . . /
straight electric currepg#Carr re and inside a solenoid, using B =;—° and B= unl
nr
v describe the forcegxpagen by electric current-carrying conductors and moving
electric charge plaged in a magnetic field
v solve probl nvol the magnetic force on an electric current-carrying wire and

moving chdkge in 8 magnetic field, using F = BILsin6 and F = qvBsin8
Ing to the force acting on a conductor in a magnetic field
elating to the inverse-square relationship between the strength of a
the distance from it
Wawvell's screw rule (the right-hand rule, or Ampere’s right-hand rule) to predict the
Qgtion of concentric magnetic field lines around a current-carrying conductor or the
ction of magnetic flux within a current-carrying solenoid
use the right-hand rule to predict the relative orientation of the resultant force when a
magnetic field acts on current-carrying conductor
v use the right-hand rule to predict the relative orientation of the resultant force when a
magnetic field acts on a moving charge
use the right-hand rule to predict the path of charged subatomic particles in a
magnetic field.

Magnetic fields

<

magnetic field the field

created by moving

charges, including A magnetic field is the field created by moving charges, including charges in magnetic
ﬁ;frie;;nawjng:;ts materials (such as iron). The strength of a magnetic field depends on the source. If the magnetic
through conductors field is produced from charges within a material (such as iron), the field depends on how much
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alignment there is within the atom. If the magnetic field is produced from moving charges, or a
current, the strength is proportional to the current.

Electron alignment

Metals (e.g. iron, cobalt, nickel and ores such as magnetite) have natural magnetic properties.
An object that is magnetised has its internal magnetic domains aligned. Each metal substance
is abundant in electrons, and each electron can be thought of as having a north and south
magnetic pole (Figure 8.1.1). This means that, for a magnet to be formed, all the small magnets
within each material must point in the same direction. If the metal maintains these magnetic
properties, it is referred to as a permanent magnet.

FIGURE 8.1.1 (a) Randomly aligned magnetic domains. Th

be classified by the effect that nearby n on them. It is important to note that if a
magnetised material is cut in half, théfeSQgouldtill be a north and south pole because each
individual domain can be thought i

a miMature magnet. The strength of the magnetic field

of a magnet depends on how manygof thefinternal domains are aligned.
Types of ma %faterials

Michael Faraday (1291 assified materials according to how they were influenced by
nearbymagnets.4 alsGanbediamagnetic, paramagneticor ferromagnetic. Diamagnetic
materials are

1 Define:
a magnet

b magnetic field.
2 Explain how a magnetic field is formed.
3 Compare diamagnetic, paramagnetic and ferromagnetic materials.

4 Explain how you might make a magnetic field with a length of conducting wire and
a battery.

9780170483704
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Weblink
Intro to magnetic fields

netic pole a point
ere magnetic field
lines emerge from or
return into

magnet a substance
that has most of its
magnetic domains
aligned; produces a
magnetic field

diamagnetic a
material that is weakly
repelled by nearby
magnets (e.g. bismuth
and copper)

paramagnetic a

material that is weakly
attracted to nearby
magnets (e.g. aluminium
and rare earth ions);
does not retain
permanent magnetism

ferromagnetic a
material that is strongly
attracted to nearby
magnets (e.g. iron,
nickel and cobalt);

can retain permanent
magnetism and this can
be induced by other very
strong magnets

«l
&
O‘.

Weblink
Magnetic properties
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Representing magnetic fields

north pole the pole of A magnetised material has a specific north pole and south pole. Magnetic field lines are
ger&aﬁ::; \;vtr:r}tr?tmi are defined from this property. Similar but not the same as electric field lines, magnetic field lines
drawn coming out of the are drawn coming out from the north end of a magnet, and in to the south end (Figure 8.2.1)

north pole

south pole the pole of a
magnet where the field
lines end; they are drawn

entering the south pole

zZ—>

w

FIGURE 8.2.1 Magnetic field line ging ou®of a bar magnetic. A bar magnet is a bar of metal
in which all domains are aligned. 3l the arrows point out from the north pole, and in to the

south pole.
KEY CONCEP, &
ConventignsYor drawing magnetic field lines

1 Magietf€ field lines do not cross.
et Id lines are drawn in continuous loops.
& field lines are drawn from north to south outside the magnet (and from
Qgh to north inside the magnet).
e density of a magnetic field is shown by how close the field lines are drawn.

When a north pole of one magnet and a south pole of another magnet are brought in close
proximity, they will attract and their field lines will align (Figure 8.2.2a). When two like poles
are brought into close proximity, they repel and their field lines will push away from each other
(Figure 8.2.2b).
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a b l
FIGURE 8.2.2 (a) Two unlike poles (north and south) brought together attract. (b) Two like p t together repel.

Note the similarity between these field lines and the electric field lines in the previous chg héylike charges and unlike
charges are brought near each other.

’ .
Earth’s magnetic field a,
(T4
Earth is filled with many magnetic substances in its crust, mantle anfl m core. Combined,
these materials give Earth a magnetic field that many animals caggens se to migrate. The Weblink
€ hical pOIeS' Earth's magnetic field is

magnetic poles of Earth are not in the exact same location as th
The magnetic pole closest to the north geographic era Hudson Bay, Canada. The °Vefd“zeaval(‘§~ri2;‘§Uld we

north compass needle points to the pole on Earth’s surfac it is actually the south magnetic

pole. The magnetic pole closest to the south geograpjsigole is ?h Antarctica and about 2000 km

from the south geographic pole. The south compa$ @ points to this pole on Earth’s surface,

so it is actually the north magnetic pole (Fig 27 he historical naming of the magnetic

pole that the compass needle points to as ‘g®r ne in approximately 1600, well before the

nature of Earth’s magnetic field was f der

Mafinetic axis
A south ma
poleis nea . Axis of
11— rotation
—]
‘\ North
| :
eoyraphic geographic
pole
equator

Magnetic
equator

A north magnetic

/|
th' !

Sou North pole is near
geographic magnetic Earth’s south
pole pole geographic pole.

FIGURE 8.2.3 A two-dimensional representation of Earth’s magnetic field. Notice that the
geographic north pole is closer to the magnetic south pole, and conversely the geographic south
pole is closer to the magnetic north pole. The field lines are all over Earth’s surface as well as
through its centre.
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Wandering poles

Earth’s magnetic poles ‘wander’ on a daily and annual basis. Explore this phenomenon,
and suggest whether the geographic south pole and magnetic south pole will ever be at the
same location.

Aurora Borealis and Aurora Australis

:l , Earth’s magnetic field forms a shield that keeps out high-energy charged particles fro

Lt (mainly from the Sun). These particles would otherwise be extremely damaging tof0rZagiStgs
on Earth. The few particles that manage to leak in through Earth’s magnetic @ low

Weblinks : . s - A
Auroras: The Noretorn and helical paths towards the magnetic poles. When these high-energy charged p# #Ch the
Southern Lights atmosphere, they collide with air molecules, which are then ionised. The encgg ased when
Awesome aurora the atoms and molecules re-form are the auroras — the Aurora Borealj rt Lights, and

the Aurora Australis or Southern Lights (Figure 8.2.4).

es interacting with Earth’s magnetic field. The field lines are more concentrated at the
poles.

. LEARNING CHECK 8.2

DESCRIBING

1 What pole do magnetic field lines come out of for diagrammatic purposes?

2 Consider three magnets at the corners of an equilateral triangle with their north poles
facing inwards. Draw the magnetic field lines in this situation.

3 Compare the magnetic fields of bar magnets and horseshoe magnets.

APPLYING

4 If two magnets with different magnetic field strengths come near each other, which
magnet will move more towards the other? Explain your answer.
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m Moving charge and magnetic fields

Magnetic fields emanate from magnets where the field lines point from north to south outside
of the magnet. Magnetic fields are also formed from moving charges. If a current is flowing
through a wire, a magnetic field is formed around the wire.

A magnetic field, also known as a B field, has a corresponding strength. In a natural magnet, B field a ggffgnetic field/a
this strength depends on how many of the domains align. In the case of current moving through 69" &
awire, the B field strength depends on the magnitude of the current through the wire, and how  og
far away from the wire the B field is being measured. These observations were made by Jean- P % e’;fei’:;ttigd
Baptiste Biot (1774-1862) and Félix Savart (1791-1841), who performed many experiments Wit@aneﬁc field lines,

magnets and current-carrying wires. They found that for a point P some distance from a lon h indicate the
straight current-carrying wire, the: of tﬁ:zmn(?nzt;gﬂ?etz in
« magnetic field is perpendicular to both the direction of the current and to a line b he ™ teslas (T))

wire and P
« magnitude of the field is inversely proportional to the distance from the Wgre to P

(Figure 8.3.1)
« magnitude of the field is proportional to the current. Mathematically, WS isghodelled as

follows: B = 'U';I
2mr

I

out of page e */B

\_M/ o

FIGURE 8 nt-carrying wire will cause a magnetic field to be induced around the wire in concentric circles about the
gffield is less defined further away from the wire as it is weaker.

ORMULA
agnetic field strength from current-carrying conductor

)
2mnr

B=

where:

B = magnetic field strength distance r from the current-carrying conductor (T)
1, = permeability of free space (4nx 107 TmA~)

I = current travelling through the conductor (A)

r = perpendicular distance from the current-carrying conductor (m)
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conventional current the Table 8.3.1 summarises the strengths of some magnetic fields. Most magnetic fields are
flow of positive charge

in an electric circuit: measured in micro- or milli-tesla, as the tesla (T) is a very large unit. Only in the last few decades
moving from the positive have scientists been able to create magnetic fields larger than a few tesla.

terminal of a power In each case of current flowing in a current-carrying conductor, it is customary to consider
source to the negative u wing 1 u ying u »Atiscu y !
terminal, regardless of the direction of current flow as the direction that a positive charge would flow. This is known

the actual direction of as conventional current.
electron flow

TABLE 8.3.1 Magnetic field strengths of some typical magnets or current-carrying devices

Source of field Approximate magnitude T)
Earth (surface) 3x10°t0 6 x
&
Typical fridge magnet (surface)
Syllabus link
Chapter 9 of Nelson Modern rare earth magnet (surface)
QCE Physics Units 1
& 2 discusses that Medical MRI system (inside)
charge is conserved
at all points in an Strong research facility field V4
electrical circuit.
Neutron star o >10°
WORKED EXAMPLE 8.3.1
Calculate the magnetic field strength at a perpendicular distan 0 c from a long wire carrying

a current of 10 A.

ANSWER
1 Determine the formula.

g Ml &
2nr
2 Substitute the known values.@

=7
B=4Tc><'|0 xT10A

B=2x10"°T

The strength @ agnetic field is 2 x 105 T. It is typical to expect a magnetic field to be in this order
of magnjsiee.

21 x 0.1 Q~
3 Calculate the ans%

Magnetic fields around current-carrying wires may be described or drawn in various ways:
from above (top view), in front (front view),or alongside (side view). It is important to become
adept at reading each of the scenarios drawn in each way to analyse and solve problems.
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KEY CONCEPT
Drawing current directions in wires

In a top view, conventional current is shown coming out of the page as a circle with a dot
in the middle and conventional current is shown going into the page with a circle with a

cross in the middle. %
In a side view, conventional current is shown going up the page as a line with an Q

arrow up the page and conventional current is shown going down the page with a line with
an arrow down the page.

screw rule

Determining which way th eldgis moving around a

current-carrying con ds on the direction
of the conventiona . easy way to determine
this is with t t-hd rule for current-carrying

Iso Known as Maxwell’s screw rule.

Maxwell’s right-hant}

conductors.

your ffingersgwrap around the wire in the direction of the
B ig#re 8.3.2).
der to show this in a scientific diagram, we need FIGURE 8.3.2 Maxwell’s
tNintroduce some new symbols. As the B field acts in right-hand screw rule shows
ree dimensions, we need to identify symbols for into the direction of the magnetic
. field (B field) around a current-
the page and out of the page. For Figure 8.3.2, we can ) .
. ) carrying conductor. Point your
represent the magnetic B field around the wire as shown right thumb in the direction of the

in Figure 8.3.3a. conventional current, and your
fingers will wrap around in the
direction of the external B field.
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a b

:
X

FIGURE 8.3.3 A top view of magnetic fields about two wires. (a) Conventional cu
of the page, denoted by a circle with a dot in the middle. This means the right thu
the field is formed anticlockwise according to the direction of the fingers. (b)
going into the page, denoted by a circle with a cross in the middle. This m

down, and the field is formed clockwise according to the direction of th . Think of it like an
arrow. When it is coming towards you, you just see its point or dot. gomg way from you,

you see its cross feathers on the shaft.

WORKED EXAMPLE 8.3.2 0@

A long wire is carrying a current directly upwards, out of the page.
Draw the magnetic field lines due to the current as seen from e. @faw arrows on your diagram showing the
direction of the magnetic field lines.

ANSWER

1 Determine the requirements when drawing mag
When drawing magnetic field lines, remember,
+ the density of the field lines indicates t
+ currents produce field lines that for circles about
the current
+ the direction of the field is given By Maxfvell's right-hand

screw rule.

2 Draw the magnetic field.

Q~ FIGURE8.3.4 Note that the

conventional current runs out of the
page towards the viewer in this top
view. The concentric circles indicate the
magnetic field direction and that it is
weaker further away from the current-
carrying wire.

PrACTICAL ACTIVITY 8.3.1

MAGNETIC FIELD ABOUT A CURRENT-CARRYING WIRE

Research question

How can the B field around a current-carrying wire be observed?
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Aim
To observe the B field around a current-carrying wire

Risk assessment

N

o What are the risks in doing this activity? How can you manage these risks to stay sa ‘=”
ASSESSMENT
A high current can cause sparks if a short circuit | Ensure the voltage on the DC power s
occurs. controlled.
Materials

* 12V DC power pack

« very long wire (looped several times to mimic a large

Compass
current)

needle
+ insulated platform

+ set of small compasses or iron filings
s resistor

Method

1 Set up the circuit as shown in Figure 8.3.5.

2 Place the small compasses or iron filings on the pl
and notice the field lines close to the wire and furthe

away from the wire.
3 Change the direction of the current. Obsegy
compass needles change direction. Electromagnetic field
(clockwise)
FIGURE 8.3.5 The experimental set-up to observe

magnetic field about a current-carrying conductor

LEARNING CHF.¢r 8.0

DESCRIBIN
ic field strength’.

gnetic field strength vary with distance from a long, straight

scripe two sources of magnetic fields.

lain how Maxwell’s right-hand screw rule can be applied to find the direction of the
B field around a current-carrying wire.

5 Draw the magnetic field lines due to a wire carrying current directly downwards, as
seen from above.

APPLYING

6 Calculate the magnetic field strength 1.0 cm from a wire carrying a current of 1.0 A.
7 At what distance from a wire carrying a current of 12 A is the field strength 1.0 mT?
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8 What current is necessary in a long, straight current-carrying wire to produce a
magnetic field strength of 50 mT at a distance of 1 cm?

9 Find the B field strength at distances 20 cm, 40 cm, 60 cm, 80 cm and 1.0 m from a wire
carrying 10 A of current.

10 Plot a graph of field as a function of distance from the wire for the data set 20 cm,
40cm, 60 cm, 80 cm and 100 cm for a current of 5.0 A.

m Solenoids and electromagn

A current-carrying wire creates a magnetic field. If we want to create
solenoid a coil of magnitude of the field, we use many turns of wire or a single wire j

2;’;;‘;2;'?'gg’élgu‘;":][§;:at Each loop of the wire creates a magnetic field (Figure 8.4.1b). theRoils these fields add
field within the coil when up to give a large and approximately uniform magnetic field, The e loops or turns of a wire,
tah(r:(l)JlrJrge;titis passed the greater the field strength. In a tightly wound solenoid, gfe internal field lines are straight and

parallel. Outside the coil, the field lines are more spr  Theresult is an extremely useful
electromagnet a magnet device called an electromagnet, as the field lines affe n nymous to a bar magnet with a

with a north and a south
pole formed by a current

in a solenoid applications where large magnets are require omagnetics have a huge advantage over
permanent magnets in that their magnetj ds\¥an be switched on and off with the current.
«l
% K
b
Weblink
Solenoid

%

Q&
S

(&

FIGURE 8.4.1 (a) Magnetic field due to a single loop of wire. (b) Magnetic field due to a solenoid.
Note that the field lines resemble a bar magnet. Field lines run from north to south outside of the
solenoid (and south to north inside the solenoid).

Magnetic field in a solenoid

The B field that is produced from a solenoid depends on a few variables:
« the magnitude of the current flowing through the wire

« the number of turns (coils) in the solenoid

+ the magnetic permeability of free space, 4.

f1el@0r control the
calléd a solenoid.

north and a south pole. Solenoids are used in trans ergy magnetic switches and many other
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This is modelled mathematically as:

B=unl
KEY FORMULA
Magnetic field produced by a solenoid %
B=u,nl

n =number of turns in the solenoid per metre

I = current travelling through the solenoid (A) 2

KEY CONCEPT

where:
B = strength of the field inside the solenoid (T)
1, =permeability of free space (4t x 107 TmA™") O

Direction of field lines %
Field lines run from north to south outside the solenoid (and south@ de

the solenoid).

Additionally, if the direction of the current through S 1Eknown, the magnetic field
direction can be found using an adaptation of Maxwell’s w rule. If the fingers curl in the
direction the conventional current is flowing in the he th®fmb points in the direction of the

north pole of the electromagnet (Figure 8.4.2).

A cross-section of the current in the coils of a solenoid, and the magnetic field
-hand grip rule being used to determine the magnetic field direction in a solenoid.

WORKED EXAMPLE 8.4.1
A solenoid with a current of 3 A going through it produces a B field of 0.2 mT inside the coil. Determine how many

turns are in the solenoid if it has a length of 75 cm.

ANSWER
1 Determine the formula.

B =u,nl
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2 Rearrange the formula to find the unknown.

n=—
Hol

3 Substitute the known values.

e 2x10* T
4x107 TmA'x3A

4 Calculate the answer.

n = 53 turns per metre
The number of turns, N, in a 75 cm length is given by n = ﬂ
N /
=
0.75m
N =39.75 or approximately 40 turns in the solenoid Q~

PRACTICAL ACTIVITY 8.4.1

INVESTIGATING PROPERTIES OF AN ELECTROMAGNET

Research question

What factors affect the strength and poles of an electromagnet?
Aim
To determine factors that change the strength and poles lectromagnet

Risk assessment

& What are the risks in doing this o “tivity. How can you manage these risks to stay safe?
RISK
ASSESSMENT | Strong magnetic fields m mage Rearby Ensure all magnetic materials and electronic
electronics or affect nearlly magfietic materials | devices are not on the lab bench with the
by making them moy¢. y . solenoid.
Materials
«  DC power supply ed®ing cables + rheostat

+ solenoid bar magnet

Method O

1 Connedt the s@lenoid and rheostat in series and attach to a DC power supply.

2 Turn er supply to the lowest voltage and bring the bar magnet close to the solenoid. Observe

ens.

w

ily increase the voltage, while keeping the resistance constant. Observe the interaction between the
sofenoid and the bar magnet.

S

ange the direction of the current by switching the terminals of the DC power supply. Observe how the
interaction between the solenoid and the bar magnet changes.

Analysis of results
1 What would happen if the bar magnet were to be pulled inside the solenoid?
2 Explain why an electromagnet is considered more useful than a bar magnet.
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PRACTICAL ACTIVITY 8.4.2

FORCE ON A CURRENT-CARRYING WIRE IN AN EXTERNAL MAGNETIC FIELD

Aim

To observe the force on a current-carrying wire in an external magnetic field

& What are the risks in doing this activity? How can you manage these risks to st * .afe?

RISK
ASSESSMENT | Strong permanent magnets can be damaged if Ensure magnets are kept with ke @ :
not set at a fixed distance. They can also cause | them and are far enough a e

p d
pinching of skin. fly together. O
Alligator clips can be sharp. Handle sharp object c

Materials

* DC power supply

+ long, light conductive material (such as a
long piece of aluminium foil)

+ 2 alligator clips

+ large horseshoe magnet (large B field) or two
neodymium magnets

+ retort stands, boss heads and clamps

* connecting wires

Aluminium foil

Method

1 Set up the circuit as shown in Figure 8.4

2 Turn on the power supply and obser
what happens to the aluminium fgj
3 Reverse the terminals of the we

supply and notice what happéns toghe
aluminium foil when th rrefisgéversed.

Retort
stand

Rheostat

FIGURE 8.4.3 The experimental set-up of a current-carrying
REIEE e conductor in a magnetic field

1 What variable
2 Describe w o®d determine the north and south pole of the magnet if it was not indicated on the magnet.

d ] ow much the aluminium foil moves?

PR”.21.A_ACTIVITY 8.4.3

How do wires that are parallel to current-carrying wires behave when in close proximity?
Aim

To observe how two parallel current-carrying wires behave when in close proximity
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& What are the risks in doing this activity? How can you manage these risks to stay safe?
RISK

ASSESSMENT | Crocodile clips, pins and scissors can Handle sharp objects with care.
pierce skin.

Materials %
+  2long, thin wires + rheostat
« 2retort stands, boss heads and clamps + ammeter

2 alligator clips + connecting wires
+  DC power supply
Method O
1 Set up the circuit with the rheostat in

series with the long, thin connecting a b

wires hanging close together between
the retort stands. Ensure the long

wires are connected in parallel so the I Rtetocrjt
current flows through them in the same stan
direction (Figure 8.4.4a).
2 Turn on the DC power supply and
observe how the wires move.
3 Turn off the power supply and reconnect
the wires in series but keep them
hanging parallel. The current should
now be flowing in opposite directions
(Figure 8.4.4b). H —H

4 Turn on the DC power supply and
observe how the wires move.

E 844.4 Long, thin wires connected (a) in parallel and (b) in series

Analysis of results
1 Why does changing the current gitan8g theglirection of the forces on the wires?
2 Draw the magnetic field lines eagh of the wires in both of these scenarios.

L :A‘’NING CHECK 8.4

SCRIBING

1 Define ‘electromagnet’.
2 Explain how you may determine the north pole and south pole of a solenoid

(electromagnet) by using drawn magnetic field lines.

APPLYING

3 Find the magnetic field strength in a solenoid of 50 turns per metre, carrying a current
of 80 mA.

4 The B field in a solenoid of 100 turns is found to 60 uT. Determine the magnitude of the
current passing through the coil.

ANALYSING

5 State why electromagnets have much wider applications than permanent bar magnets do.
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m Solving problems in magnetic fields

The B field around bar magnets and electromagnets depends on several variables. Each of these
variables needs to be carefully considered when solving problems about magnetic field strength.
The variables that affect magnetic fields from magnets and electromagnets are:

« distance from magnet or electromagnet >
« magnitude of current in wire or solenoid

« number of turns in a coil (electromagnet only).

If these variables are known, it is possible to determine the magnetic field at a given location.
Additionally, if the B field and two of the above three variables are known, it is possible t
calculate the unknown third variable.

WORKED EXAMPLE 8.5.1 2

A wire is carrying a current of 15 A.
a At what distance from the is the field 1.0 uT?
b If this same wire is then coiled into a solenoid with 25 turns ove@ is the B field strength inside

the coil?
ANSWERS
a 1 Determine the formula.
gt
2nr

2 Rearrange the formula to find the n

F= Aol
27B
3 Substitute the known va@
e 4nx107 x15
21mx1.0x10Qg
4 Calculate wer.

4tx107 x15A
2nx1.0x10° T
r=3m
3mis the distance from the wire where the field is 1.0 uT.
b 1 Determine the formula.
If this wire was then coiled:

B=pu,nl
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2 Substitute the known values.

B=41‘CX10_7X§>(15
0.5

3 Calculate the answer.

=4nx107 x§x15
0.5

=942 x10“T or B=94.2mT O
WORKED EXAMPLE 8.5.2 O

If a coil with 0.5 A of current and 100 turns has B field of 7.6 x 10-5 T inside it, what must b gth of
the coil?

ANSWER
1 Determine the formula.

B = p,nl where n is number of turns per metre (N/L) 0
B uynl

L
2 Rearrange the formula to find the unknown.

Lt

B
3 Substitute the known values.

| _4mx107 x100x0.5A
76x10° T
o O
L
L= H @
B
_47x107 x100
7.6x10°

4 Calculate th

L=0.8©
LEARNING CHECK 8.5

DESCRIBING

1 Whatis the effect on the magnetic field within a solenoid if the:

a currentisincreased?
b current direction is reversed?
¢ number of turns per metre is decreased?
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APPLYING

2 What is the magnetic field a distance of 10 mm from a wire carrying a current of 1.6 A?

3 How large a current is necessary to produce a field of 0.15 a distance of 2.0 cm from a
long, straight current-carrying wire?

4 A solenoid of 125 turns per metre has a B field of 0.5 T. Determine the current through
the coil.

5 A coil with 0.34 A of current and 50 turns has a B field of 1.5 x 105 T. Determine the
length of the coil.

m Force on particles QQ

in @ magnetic field

Scientists can measure a magnetic field by its effect on moving charges, gfichgs a current in
a wire. Experiments using lengths of current-carrying wire in magnegj s sifow that the
magnetic force on the wire depends on the:

1. magnitude of the current carried, I (A)

2. strength of the magnetic field, B (T)

3. angle between the direction of the current and the fie

4. length of the wire in the magnetic field, L (m). Q

These observations can be summarised mathemga
the magnitude of vector quantities, and so the re

ically aSy" = BIL sin 6. This equation uses
ce calculated is the magnitude of the

force acting on the wire. This equation tells a force is zero if L and B are in the same
direction (Figure 8.6.1a) and that the forc rigiit-carrying wire is a maximum when it is
perpendicular to the external field B (Figlge 8. 7 c). Otherwise, the force exerted on the wire
is between ON and the maximum experienced, governed by the angle 6 the wire makes
with the field (Figure 8.6.1d). Th¢closeigf is to 0 (i.e. the wire is lying in the same direction as
the magnetic field), the small e ic force the wire experiences due to the external field.

KEY FORMULA

Forceon a ying conductor

F =BILsi

wherg;

agngtiC force on the wire (N)

rregt flowing through the wire (A)
agnitude of the external magnetic field (T)

ngth of conductor (m)
= angle the wire makes with the external magnetic field (°)

This can also be rearranged to express magnetic field strength:

__F
ILsin 6@

magnetic force the
force that a magnetic
field exerts on a moving
charge or current

<l
4
(s

Weblink
Magnetic force on a moving
electric charge
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FIGURE 8.6.1 The force a wire of length L ex@§griences in an external B field when the wire is
(a) parallel to the field, (b) perpendi  the field, (c) perpendicular to the field with a different
orientation, (d) at an angle 8to the bre 0= 0 or 90.

7 t-Wand palm rule for currents and
es in external magnetic fields
1nd the direction of a force on a current-carrying wire (or charges) in
xternal magnetic fields, we apply the right-hand palm rule. This rule is
slightly different from Maxwell’s screw rule. There are several ways to use
your right hand for this rule.
Hold out your right hand flat and move your hand so that your thumb
points in the direction of conventional current and your fingers point in

the direction of the external magnetic (B). Your palm then points in the
direction in which the magnetic force will push the wire (Figure 8.6.2).

FIGURE §.6.8 Thelight-hand palm Try this for Figure 8.6.1b and ¢ and note that your palm will point in the
rule for de he direction of direction in which the force is indicated on each diagram. As the right-hand
ale e acting on a current- palm rule is the result of a vector cross product, there are different ways in

which it can be applied, but the results will all be the same.
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WORKED EXAMPLE 8.6.1

An overhead power line carrying a current of 1000 A is in a magnetic field of 30 uT. The field is perpendicular to the
wire. What force per unit length does the wire experience?

ANSWER

1 Determine the formula. %
F =BIL sin6 O

2 Substitute the known values.

£:30><10'6 Tx1000 Axsin90°

L O
3 Calculate the answer. Q~
F=0.030Nm"

F =BILsin®
%=30><'|0'6T><1000 Axsin90°

F=0.030Nm™

This is quite a large force considering how long power line ver, power line current is alternating at
50 Hz, so the force also alternates direction, rather th ul of®the power line in a single direction.

LEARNING CHECK 8.6

DESCRIBING

1 State the equation to find the for a cyg€nt-carrying wire in an external magnetic field.

2 State the orientation of a cur carr wire to the external magnetic field if no force is exerted on it from
the field.

3 State the direction in wgffich netic force acts on a wire if the current is carried in the wire from left to
right, and the magnetj d igggoming out of the page. Draw a diagram to represent the scenario.

APPLYING

ire is carrying a large current directly upwards, out of the page. Draw a diagram to represent the scenario.

What total force would be exerted on a span of wire 200 m long if the wire carries a current of 1000 A and isin a
magnetic field of 20 uT? Compare this force with the gravitational force acting on the wire if the wire has a linear
density of 750 kg km~".
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Force on moving particles
in a magnetic field

A current is a collection of charges moving in the same direction. A current experiences a for
in a magnetic field, so we can expect that a single moving charge will also experience a forcegfhi
magnitude of the magnetic force that a charged particle experiences is written mathem#gic
as F=qvBsin 6.

KEY FORMULA O
Force on a moving charged particle Q~

F=qvBsin6

where:

F = magnitude of the force on the moving charge (N)

g = magnitude of the charge moving in the magnetic fie
v =magnitude of the velocity of the moving chargé€ (m g
B = strength of the external magnetic field (T)

6 = angle between the vectors v and B (°) v

The force is again perpendicular to bog’ the magnetic field and the velocity of the charged
particle. Using the right-hand p le all®ws us to find the direction of the magnetic force

direction of conventional
charge will move in t r fingers point in the direction of the external magnetic
(B) field, and your ain point in the direction of the magnetic force. If you are
considering the fi n a igatively charged particle, remember to point your thumb initially in

the opposite dire@tion a§inegative charges will travel in the opposite direction to positive charges
ina magn@ idure 8.7.1).

The magnetic forces
on oppositely charged
particles moving at
the same velocity in a
magnetic field are in

opposite directions.

F

FIGURE 8.7.1 The forces on positive and negatively charged particles in a magnetic field. Note
that they are in opposite directions. The dashed lines show the path the particles will take in
this field.
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WORKED EXAMPLE 8.7.1

An alpha particle enters Earth’'s magnetic field at a velocity of 55000 m s™". The local field strength is 40 uT. What is
the range of possible accelerations of the alpha particle as the angle, 6, varies?

ANSWER
1 Determine the formula. Q

First, consider that F = ma and that F = qvB sin 6, where —90° < §<90°
Now, F=ma
F=qvBsin@
».ma=qvBsind
2 Rearrange the formula to find the unknown.
a qvBsino

m

where a will have a range of values depending on the value of sin 6.

The maximum magnitude a can have is when 6 =90, i.e. when sin 6 =
_qvB
m

3 Substitute the known values.

~ 2x1.6x107°Cx55000m s x40x10° T
6.6x107ms™

4 Calculate the answer.

qvB

m

_2x1. 6x10"°Cx55000m s ><40>< T
6.6x107 kg

a=11x108ms™

a=

The acceleration of the alph artl can have any value between —1.1 x 108 ms2 and 1.1 x 108 m s depending
on the angle between th&dite f the velocity and the magnetic field.

Paths of p n magnetic fields

Fast-moving ch icles experience large forces, even in small magnetic fields. These
forces resulg : accelerations, meaning that the direction of the velocity of the charged
particle ch @ he path of a charged particle in a uniform magnetic field depends on the
angl € e initial velocity and the field. The path may be a straight line, a circle or
a Rel

rticle enters the field with velocity perpendicular to the external magnetic (B) field,
W perience the maximum magnetic force. This will cause the charged particle to follow
cular path, as per the right-hand rule (Figure 8.7.2a). If instead the particle has initial
locity with a component in the direction of the field, this component of velocity is not altered
by the field. However, the perpendicular component is altered by the acceleration due to the
field (from the magnetic force acting on the particle). In this case, the particle follows a helical
path, with the axis of the helix in the direction of the field (Figure 8.7.2b). If the particle enters
the field with velocity parallel to the field, no force will act on the charged particle and it will
travel in a straight line (Figure 8.7.2c).
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a The magnetic force Fy acting on b y
the charge is always directed ~ .
towards the centre of the circle. = Helical path
- e
x x x x Bn o S
B —|
~J “

FIGURE 8.7.2 In a uniform B field, the path of a charged pargi€le jg(a) circular when it enters in a
direction perpendicular to the field, (b) helical when it entezg.at 8 angy® to the field strictly between
0° and 90°, and (c) not deflected when travelling parallelfo th

WORKED EXAMPLE 8.7.2

A magnetic field points in the positive z direction. Draw thgsR
is in the:
a positive x direction b negativegfdiré

ath o electron in the field with an initial velocity that

c positive z direction.

ANSWERS

Use the right-hand rule to solve these problems. g all Cases, the B field is coming out of the page, and your thumb
should point in the opposite direction toghat in whieh the electron is travelling as it is negatively charged. Your palm

a Draw an electron entering th
The electron is coming in
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b Draw an electron entering the B field in the negative x direction.
The electron is coming in perpendicular to the field, so it will follow a circular path.

[ss]

out

(®) (®) (@)

®

O}
O
O

le

c Draw an electron entering the B field in the positive x direction.
The electron’s path will not be altered because it is travelling pagallelgat agnetic field.

LEARNING ~.'E\'K 8.7
N

DESCRI
1 forces on moving negatively and positively charged particles differ in a
agnetic Tield.

f the possible paths in Figure 8.7.3 is not possible for a charged particle
tering a region of uniform magnetic field?

Determine the initial direction of the deflection of the charged particles in Figure 8.7.4
as they enter the magnetic fields shown.
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Qe <
Qe
v
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: Q~O

FIGURE 8.7.3 (a) A helical path; (b) a path with no deflection; (c) @ath with a right angle

Qe

up

estion
HowRgo&s the strength of a magnetic field change based on the distance from a bar magnet?

To determine how the strength of a magnetic field changes with distance from a bar magnet
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Materials

+ 2 bar magnets + retort stand, boss head and clamp
+ electronic scale + ruler
Method

1 Set up the materials as shown in Figure 8.7.5. Ensure
that the like ends of the magnets are pointed towards

each other. g

2 Beginning with a separation distance of 30 cm, record ﬁ net
the mass of the bar magnet on the scale.

3 Decrease the separation distance by 5cm and record Sf;ﬁét —] .
the mass of the bar magnet in a suitable table. Repeat

the procedure to obtain at least four more readings.

. . Bar magnet
4 Convert all masses to weight in newtons and plot a
graph of force against distance. = | Electronic
scale
Analysis of results FIGUR The experimental set-up to determine
1 What happened to the mass of the bar magnet on ho e ds exert different forces at different
the scale as the bar magnet in the retort stand was disgan

brought closer?
2 Why do you think this mass changed in this way?

5

4 What kind of relationship exists between magnetic for
forces you have studied so far.

3 Suggest what would happen if the magnetic field b thémagnets was attractive instead of repulsive.

and separation distance? Compare this to other

Interpretation

5 Manipulate the data to draw a lin rap ermine the relationship between magnetic force and
separation distance.

PRACTICAL ACTIN «(TY 8.7.2

A CURRENT BAL 0

How can ic force on a current balance be measured?
gth of the magnetic field strength on a solenoid be measured?

asure the magnetic force on a current balance and find the magnetic field strength in a solenoid

& What are the risks in doing this activity? How can you manage these risks to stay safe?
RISK

ASSESSMENT | Strong magnetic fields may damage nearby Ensure all magnetic materials and electronic
electronics or cause nearby magnetic materials | devices are not on the lab bench with
to move. the solenoid.
Crocodile clips, pins and scissors can Handle sharp objects with care.
pierce skin.
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Materials

+ air core solenoid +  2DC power supplies
+ parts to make current balance (thin, stiff plastic +  2ammeters
or cardboard; stiff conducting wire; copper or zinc +  2rheostats
sheet; pin; fine sandpaper, scissors, sticky tape) + 2 switches
+ 2 short pieces of wire (mass known) + crocodile clips and leads
Method

Making the current balance apparatus

1 Cutarectangle from the cardboard or plastic so
that half will fit into the solenoid and half is outside.

2 Attach a small pin to the middle of one of the short
sides of the rectangle, overhanging the outside end Current

(Figure 8.7.6). balance
circuit

Metal
support

3 Make a rectangular half loop of conducting wire, to
sit near the edges of the rectangle that goes into the Metal
solenoid. Make sure it is attached to the rectangle. support

4 Cuttwo supports out of the metal sheet, bend
them and attach them to the end of the solenoid
as shown in Figure 8.7.6. Use the crocodile clips to
connect them to the current balance circuit. Note
that they should not make any electrical contact o
with the solenoid.

™
%— Weights

Cardboard or
plastic rectangle

5 Bend the ends of the rectangular half loop so that

they sit on the metal supports. RE 8.7.6 How to set up the current balance inside

solenoid
6 Use sandpaper to clean the metal and ensur,

good electrical connection.
7 Measure the length of the current ele t thayjs perpendicular to the magnetic field of the solenoid (the short
end of the rectangle).

8 Balance the current balance bygfangi es of wire or small weights over the pin.

Current
Solenoid balance

/\/\/\/\/L/\

Weights

Solenoid circuit Current balance circuit

FIGURE 8.7.7 The circuit connections to connect the solenoid and current
balance respectively

Force on wires due to an external field

1 Connect the balance and the solenoid circuits as shown in Figure 8.7.7.

2 Turn on both circuits and observe what happens to the current balance - it needs to act as a seesaw with the
inner end being pushed down by the magnetic force. Alter the apparatus accordingly.
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3 Adjust the number of weights and their positions on the current balance until the current balance is parallel with
the laboratory bench.

4 Record the current in the solenoid, the current in the current balance, the distance from the pivot to the current
element, and the distance from the pivot to the balancing weights. Weigh the masses that were added to make
the current balance parallel to the bench and record this value.

Analysis of results
1 Calculate:
a gravitational force on balancing masses

b torque by weight force on current balance (product of gravitational force and distance s to pivot
point)

¢ magnetic force on current balance in the solenoid
d magnetic field in the solenoid. Q~
Evaluation

2 Comment on the quality of your data and how this affects your results.

3 How could you improve the quality of your data?

4 Redesign the experiment so that you can experimentally determj nship between the current in the
solenoid and the strength of the magnetic field in the solenoid. §ints will need to use the magnetic force the
field exerts on the current balance!

LEARNING CHECK 8.7

DESCRIBING
State how the forces on moving neg Iyind pOsitively charged particles differ in a magnetic field.
2 Which of the following possible p, is N@ggfossible for a charged particle entering a region of uniform

magnetic field?

A b
v
e
Cc
v
e
q

W

Qe <
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3 Determine the initial direction of the deflection of the charged particles in the following diagrams as they enter
the magnetic fields shown.

— <@
e o
i &
+ ’

<@

APPLYING

4 What is the minimum magnitude of a magnetic field neces apRly a force of 1 x 102N to an electron
moving at a speed of 500 km s'?

5 An external magnetic field is uniform in the negative 28

direction with velocity 55 m s™'. What is the magnii g

6 What acceleration would an electron entering @ffielgof 2§
is travelling:
a perpendicular to the field?

tion. A proton enters this field from the positive x
irection of the force this proton experiences?

T experience at a speed of 55000 m s if it

b parallel to the field?
¢ atanangle of 45° to the field?

ANALYSING
7 A proton and an electro a UNform magnetic field. The particles are travelling at the same speed
perpendicular to the figld\@ffaw a diagram showing their paths and explain the differences of the paths each
2
charged particle takeg” ider both F =qvBsin and F = it
r

8 Sketch the p: @ broton as it enters a B field from the positive x direction, if the B field is going into the page.

O
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Magnetic fields CHAPTER

+  Magnet domains are small regions within a material where the magnetic moments (spins) SUMMARY
of atoms are aligned in the same direction. In unmagnetised materials, these domains
are randomly orientated, so their magnetic fields cancel each other out. In permanent
magnets, the domains are aligned.

« A magnet is a substance in which most of its domains are aligned and produce magnetic
fields. All magnets have a north pole and a south pole.

« A magnetic field is created by moving charges and can be described as a region around a
magnet where magnetic forces can be detected.

Magnetic field strength

«  The strength of a magnetic field from a point source decreases with the square
the distance.

lines from
dicates the

«  Magnetic field lines represent the direction and strength of the field. Fi
the north pole to the south pole of a magnet. The density of the field lifles4
strength of the field. Field lines never intersect.

Magnetic field in a solenoid

« A magnetic field (B field) that is produced from a solg depgnds on the:
- magnitude of the current, I, flowing through the
- number of turns (coils), n, in the solenoid,

- magnetic permeability of free space,

This is modelled mathematically as:

B=unl
Magnetic field strength arow@ren -carrying conductor
« A magnetic field can algd bggfor from moving charges, so when a current flows
through a wire, a B orged around the wire.
_ M1

B="0"
27r
Solenoid
(&

coil of wire that produces a near-uniform magnetic field when an electric
rrenfflows through it.

current flows through a solenoid, it forms an electromagnet, a magnet with a north

south pole.
B=unl
where:

B =strength of the field inside the solenoid (T)
u, = permeability of free space (47x 107 TmA™)

n =number of turns in the solenoid per metre

I=current travelling through the solenoid (A)
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o Ifthe direction of the current through the coils is known, the magnetic field direction
can be found by using an adaptation of Maxwell’s screw rule. If the fingers curl in the
direction of the conventional current flow, the thumb points in the direction of the
north pole.

«  Outside the solenoid, the magnetic field lines flow from the north pole to the south pole.
However, on the inside, the field lines are nearly parallel and run from the south to the
north pole inside the solenoid.

Forces experienced by particles in magnetic fields

Lorentz force.

F=BILsin 0
where:
F = magnetic force on the wire (N)

B =magnitude of the external magnetic field (T)
I=current flowing through the wire (A)
L =length of wire within the magnetic field (m)

e A current-carrying conductor placed in a magnetic field experiences a fg “o as the

6= angle the wire makes with the external maghetj °)

«  To find the direction of the force, use the gight- le. Hold out your right hand flat
and move your hand so your thumb point irection of conventional current and
fingers point in the direction of the . Your palm then points in the direction in
which the magnetic force will push ire.

»  Asingle moving charge also g
motion is its direction of (si§

griencc®a force in a magnetic field. Its direction of
rge) conventional current.

O 15
«  Charges moving into gfffer n gonetic fields also experience magnetic forces acting

perpendicular to t anggto their motion. The magnitude of these forces is
determined by:

F=qvBsin

where:

F=mafnetic on the wire (N)

tudgof the charge moving in the magnetic field (C)

nifide of the velocity of the moving charge (m s™)

strength of the external magnetic field (T)

gle between the vectors of conventional current direction and external magnetic field (°)

q:

- Q. The direction of the force can be found similarly by using right-hand rule. The thumb
points in the direction a positive charge will move in the field, fingers point in the
direction of the B field and the palm points in the direction of the magnetic force.

214 NELSON QCE PHYSICSUNITS 3 &4 9780170483704



MULTIPLE CHOICE CHAPTER

1. A magnetic field exists around a current-carrying wire. At 2 cm from the wire, the field EXAM
strength is 6.0 x 10 T. The field is 3.0 x 10~ T at:
A 4cm from the wire.
B 3cm from the wire.
C 1lcm from the wire.
D 0.5cm from the wire.

2.  Whatis the direction of the magnetic force acting on the following charged particle as it
enters the B field below?

oy

X
X
X
X

- -y X X X
| +)9
X X X

X X X
A Into the page
B Out of the page
C Up
D Down
3. Asthedistance r from a current-carrying gi ses, the B field at r:

A increases linearly.

B  increases exponentially.
C  decreases exponentially.

D decreases inversely.

4. There is no interaction €€ gnetic field and a:
A stationary electric e.
B  moving elect r

et.

coficentric circles around the current.
ncentric helixes around the current.

When a moving charged particle enters a uniform magnetic field in a direction parallel to
the field lines, the particle’s:

A direction is changed.

B  velocity’s magnitude is changed.

C energyis changed.

D motion in unaffected.
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7. When a moving charged particle enters a uniform magnetic field in a direction
perpendicular to the field lines, the particle’s:
A direction is changed.
B  velocity’s magnitude is changed.
C  energyis changed.
D motion in unaffected.

8. Along, straight wire carries a current of 1.2 A. What is the magnetic field 8.0 mm
the wire?
A 3.0x10°T

B 3.0x10°T
C 36x10°T
D 19x10*“T

9. A 200-turn solenoid is 40 mm long. If the magnetic field insidej *010 T, what
current will it carry?
A 16A
B 251A
C 16x10°A
D 4.0x10’A

10. Two parallel wires 800 cm long are 5 cm apart y currents of 20 A each in the
same direction. Each wire exerts a force o er of:
A 1.6 x 107N, attractive.
B 1.3 x 107N, attractive.
C 1.6 x107°N, repulsive.
D 1.3Xx 107N, repulsives

SHORT RESPONSE -
g

11. Anelectron ha harge of 1.6 X 107 C and velocity of 2.8 X 10° m s™ enters a
magnetic figfd of strenSth 20 uT at an angle of 30° to the field lines. Calculate the force

and accejerdgion egperienced by the electron as a result of interaction with the field.
12. Acu alance is set up in a solenoid with B field 0.20 T. The current through the wire
i c balance is 3.6 A and 3 cm of the wire is perpendicular to the field in the
he side length of the current balance is 12 cm long. What is the magnitude of
ordg the current balance experiences in this magnetic field?
S

S-CHAPTER QUESTION

3. A beam of electrons travelling perpendicularly to a B field of 4.5 x 107 T is caused to move
in a circular path of radius 2.0 cm. What is the velocity of the electrons?

DATA ANALYSIS

14. Interpret evidence
A student conducted an experiment to answer the following research question.

What is the relationship between the force on a straight current-carrying wire and the
angle of the wire relative to the magnetic flux lines it is immersed in?

The student set up a current balance in which a 4cm long current-carrying wire was
immersed in a 0.03 T magnetic field. The angle of the wire relative to the flux lines within
the magnetic field was changed and the resultant force on the wire was measured.

216 NELSON QCE PHYSICS UNITS3& 4 9780170483704



The raw data gathered is presented in Graph 1.

Graph 1. Force according to the angle between the

N current-carrying wire and the magnetic flux lines

0.0025

0.0020 [ e s
—~ .-'."'
S N T R R
w 00015} ®
s | e
° )
£ 0.0010 p

|
0.0005 -
0.0000 <=
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Angle, 0 (degrees)

This data was then further processed to produce Graph 2.

Graph 2: Force according to the sin angle between the
current-carrying wire and the maggetic flux lines
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0.0020

0.0015
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0.0010

0.0005
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0.0000 € 4 0.4000 0.6000 0.8000 1.0000
sin 6

Dggcribe and explain the shape of the trend line in Graph 1.
duce why the student did not collect data for angles greater than 90°.
Predict using a sketch what Graph 1 would look like if the data set was extended
from 90° to 180°.
d  Describe the mathematical relationship between force, F and sinf evident in
Graph 2.
Draw a conclusion about the magnitude of the current in the wire by using the data.
f  Calculate the expected force on the wire in the apparatus if it is at an angle of 35°
relative to the magnetic flux lines.
g Infer how accurate and precise the data collected is by referring to the line equation
and R? value of Graph 2.
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15. Analyse data
In a vacuum chamber, an electron was released vertically from an emitter with a velocity
of 7120 m s7. It then entered a region of uniform magnetic flux perpendicular to the path
of the electron with a field strength of 9.705 x 10*uT. The apparatus and path of the
electron is illustrated below.

Path of
electron

~—"
N







CHAPTER

Electromagnetic induction
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SYLLABUS

DOT POINTS ) ) . . . . .
e problems involving the magnetic flux in an electric current-carrying loop using

¢ = BAcosé6 .

Describe the process of inducing an EMF across a moving conductor in a magnetic field.
Explain how Lenz’s Law is consistent with the principle of conservation of energy.
Explain how transformers work in terms of Faraday’s Law and electromagnetic induction.

Solve problems involving electromagnetic induction using

NA(BA V. N
emf=—( L),emf=—N%,/v =/v and £ __P.
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Introduction

In Chapter 8, we discovered that there was an intrinsic link between electricity and
magnetism in that an electric current in a conductor can create a magnetic field. It was

a logical step for scientists to ask the question whether the opposite was true: can a
magnetic field produce an electric current? The work of Joseph Henry and Michael
Faraday independently showed in 1820 that this was indeed possible through the process
of electromagnetic induction. This is an example of a principle of symmetry that many
physicists regard as a fundamental property of nature. The impact of the discovery of
electromagnetic induction cannot be understated because it resulted in the development,
among other things, of the electric generator and motor.

Assessments Worksheets
® Learning checks 51, 5.2, 5.3 ®* Name
® Chapter exam ® Name

. \ e
Practicals F P 0
® Investigating the magnification of :

microscrope

@

To acccss resources above, visit

«) :
“ e N e l.SO n M I ndTa p cengage.com.au/nelsonmindtap
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ASSUMED KNOWLEDGE

v The concepts of current (/) and voltage (V) or EMF.

v Electric circuits can be depicted by circuit diagrams.

v The relationship between voltage, current and resistance can be calculated using Ohm'’s
law, V=1IxR.

v Power (P) can be calculated by using P=V x I.

v The characteristics of solenoids and magnets.

v A magnetic field is also called a B field and can be quantified using magnetic fie
strength in tesla (T).

v Magnetic fields can be represented visually by field lines.

v The Sl unit for area (A) is the square metre (m?)

v The normal is a direction or line perpendicular to a given surface or pla

v Area can be calculated for a circle by using A = ntr?, and for a rectg by using

= length x width.
v In geometry, a plane is a flat two dimensional surface, physiga inary.

v The frequency (f) of a cyclic or oscillating phenomena is the Mynber of cycles or
oscillations per second; units are hertz (Hz) or s™.

v The period (T) of a cyclic or oscillating phenomena | img it takes for a single cycle
or oscillation; units are seconds (s).

v A significant percentage of household electricify isPrg#iuced by generators.

LEARNING OUTCOMES Q
be able to:

By the end of this chapter, you

v describe the concepts
induction, electromotj

v solve problems in
¢ = BAcos6

r flux, magnetic flux density, electromagnetic
), Faraday's law and Lenz's law
agnetic flux in an electric current-carrying loop using

—n

v describe th cess 8 inducing an emf across a moving conductor in a magnetic field
v explain hoLenz'§)law is consistent with the principle of conservation of energy

v explagfho ormers work in terms of Faraday’s law and electromagnetic induction
v solv engs involving electromagnetic induction using

=N 1y 21y and 2t
, €mr = — E:pp—ssandv—N—

s s

(BA))
At

ct the resultant induced current in a wire, wire loop or solenoid using Lenz's law
and/or the right-hand rule.

v¥ describe step-up and step-down transformers

v describe how a rotary generator works, using the principles of electromagnetic induction

v determine the output of a rotary generator using emf =2nfnBAcos (2rft) and fz%

( peak

v use Lenz’s law to describe eddy currents and how magnetic braking works.

determine RMS voltage by using V- =
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Electromagnetic induction

Electromagnetic induction is the production of an electric field by a changing magnetic
field. An electric field in a region means that there is an electromotive force (emf) acting

between points in that region. If this emf acts upon
free charge carriers, then a current will be generated.
This current is referred to as an induced current.
This is the basis of electromagnetic induction used in
electricity generation.

Faraday quantitatively investigated the size of the
current produced by moving a magnet near a conducting
wire using a device like that shown in Figure 9.1.1.
During this investigation, Faraday discovered that
not only did the current depend on the strength of the
magnet used, but it also depended on the area enclosed
by the loop and the angle at which the two are orientated
to each other. These three factors are combined in the
concept of magnetic flux.

To understand how the process works, it is important to
investigate magnetic flux.

Magnetic flux

Magnetic flux (®) is a measurement of the total

be perpendicular to the area, as thd
orientation of area. Note how thig{vect

the number of field lines cr
magnetic flux, @, for

Acosf

= magnetic flux (Wb)
B = magnetic field strength (T)

A = area of the surface (m?)

agnetic

is aligned with the normal to the plane of the area.
a A, in units of m?. The magnetic flux density, B, is
area and depends on the directions of both B and A. The
gnetic fleld through a loop of area A is defined as:
®=B A=BAcos0

Direction of movemeg
Coil or loop

Galvano

FIGURJ 9. urrent is induced when a magnet is
moved Ralativgfto a coil of wire connected to a circuit.

v

d passing through a given area.

electromagnetic
induction the production
of an electromotive force
(emf) or a voltage in an
electrical conductor due
to its dynamic interaction
with a magnetic field

electromotive force
(emf) a difference in
potential that tends to
give rise to an electric
current

induced current a current
that is produced due

to the presence of an
electromotive force

magnetic flux (®) a
measurement of the
total magnetic field that
passes through a given
area; unit is the weber
(Wb)

magnetic flux density (B)
the strength of a
magnetic field per unit
area otherwise known as
magnetic field strength;
unit is the tesla (T)

0 = angle between the magnetic field lines and a normal to the plane of the area (°)
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~l The magnetic flux, ® has units of T m? or the weber, Wb, after Wilhelm Weber (1804-91),

e . .
“is who co-invented the first electromagnetic telegraph.

Weblink
What is magnetic flux?

i
B N
c MNA
B
N\
7
>
N [ ]
U
AN AN
7 d
AN AN
7 K
FIGURE 9.1.2 (a) The flux through the area eRfls on the angle, 6, betwee_n the area vector
A and the field, B: ® = BA cos 8. (b) Flux i aximum !vhen 0 is zero and B and A are
perpendicular. (c) Flux is at a minimum wher§= 90° and B and A are perpendicular.

The flux has maximum agp en the field is in the same direction as, or opposite to,
the vector A; that is, whendg is rpeWdicular to the plane of the area. The flux is zero when Ais
perpendicular to B; thafs, is parallel to the plane of the area.

WORKED EXAMPLE 9.11

A loop of cross-sectional are
a Sketch diagrams showi
B, when the flux is a;

i minimum '

b Determine thesMinMn and minimum values of the flux
through the | @

n a uniform magnetic field of magnitude 0.24 T.
End field and identifying the angle, 8, between the area vector A and the field

ii  maximum.

>
ANSWER
a i | t flux has a minimum value of ® = BAcos6 =0 / \ «
=90° and that this is when the plane of loop is / \ 1
rallel to the field. 5 >
Identify that flux has a maximum value of ® = BA \ Aou ) N
when 6 = 0° and that this is when the plane of loop is \ / i’
perpendicular to the field.
b 1 Determine the formula. L >
®=BAcos6 [ ] 0 = 90°
The maximum flux occurs when the field lines and the FIGURE 9.1.3 The loop is parallel to the
plane of the loop are perpendicular: magnetic field, thus the effective area is zero and
® =BAcos0°=BA the magnetic flux is zero.
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2 Substitute the known values.
® =0.24Tx0.05 m?

3 Calculate the answer.
@ =12x102Wb

4 The minimum flux of 0 occurs when the field lines and
the plane of the loop are parallel.
® =BAcos90°=0

m

FIGURE9.1.4 T
the field, thus t ux is at a maximum.

WORKED EXAMPLE 9.1.2 @

In a magnetic field experiment, the angle formed between the normigl to"a urface with an area of 0.55m? and a
uniform magnetic field of strength 0.15 T is measured to be 2
Determine the magnetic flux passing through the surf; v
ANSWER
1 Determine the formula.
The magnetic flux is found using ® = BAc SQ
2 Substitute the known values.
®=0.15x0.55x c0s25° @
3 Calculate the answer. &
®=0.0748 Wb C)

DESCRIBIN

1 Recall of magnetic flux.

Bomagnetic induction’.

¥the magnetic flux through a loop of wire orientated perpendicularly to a uniform magnetic field will
ecredse as the wire is rotated to become parallel to the magnetic field.

4 NColtipare the concepts of magnetic field strength and magnetic flux and explain their differences.

PLYING
5 Calculate the magnetic flux that passes through a loop of wire that has a diameter of 10.0 cm when it is placed
perpendicularly within a uniform magnetic field of strength 0.050 T.

6 If the angle formed between the normal to a surface of area 0.25 m? and a uniform magnetic field of strength
0.10 T is equal to 35°, determine the magnitude of the magnetic flux passing through the surface.

7 A solenoid produces a magnetic field of 0.25 T in its interior. The field is approximately uniform. Determine the
radius of the coil, given that the flux through any loop of the solenoid is equal to 5.0 mWhb.
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ANALYSING

8 Aloop of cross-sectional area 0.015 m?is in a uniform magnetic

field of 0.030 T. Initially the loop is perpendicular to the field === @ ——— - - - - - - -
lines, as shown below. The loop is rotated about an axis parallel /
to its long sides at a uniform angular velocity of five revolutions N / S
per second. //
a Determine the flux through the loop att=0s. - _/_7/_—
b Sketch a graph of the flux through the loop as a function of 77
time. Mark important features on your graph including the /
maximum flux and the period. //‘l// O

induced emf an emf
created by a changing
magnetic field

«l
4
O

Weblinks
Faraday’s Law

Magnetic Flux, Induction,

and Faraday’s Law
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When there is a change in the magnitude of the

over a small timeframe (Af), the magnitude of t ced emf is given by Faraday’s law.

KEY FORMULA
Faraday'’s law of inducti Q
The induced emfinall irg IS equal to the negative of the change in magnetic flux
(A®) divided by the gifangeNg d#fne (At).
—AD
emf=——
At

C¥50, —BAcosOi)
\
At

ccording to Faraday’s law, the induced emf will have units of Tm?s™, which is the same as

Qe volt, V. The negative sign indicates that the induced emf opposes the change in flux.

O

Once an emf is induced, a current will flow if there are free charge carriers and a path for
them to flow along. This is usually achieved by putting a metal coil in the field. This induced

current is related to the emf by Ohm’s law:
I= K orl= ﬁ
R R
where R is the resistance of the path, I is the current, and emf is the voltage.

The term ‘emf’ is used here rather than potential difference for a reason. Because they often
do the same thing and have the same unit, volt (V), they are often treated as if they are the same
thing, but from the definitions given below, we can see that they are not.

« Potential difference is the unique difference in potential energy per unit charge between any
two points in an electric field.
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- emf is the energy per unit charge available to a charged particle. The induced emf between
any two points in a changing magnetic field does not have a unique value but depends on
the path between the two points. This is because it depends on the flux enclosed. Different
closed paths between two points may contain different fluxes.

a b
R e~ X X
E
A X X
1 o | AVI= A, =V -V
9 X X
b X X X X
emf, # e
FIGURE 9.2.1 (a) Potential difference: an electron moves from point A to point B ip an elegic
field. The change in potential energy of the electron is the same regardless of th th taken.
(b) emf: an electron passes through two loops in a changing magnetic field. The eggured
across each loop is different because the loops contain different magnetic S, ough they

have the same beginning and end points.

WORKED EXAMPLE 9.2.1

Determine the emf generated in a loop of area 0
field that decreases from 0.4 T to 0.0 T over

at lieS perpendicular to a magnetic

O

3

ANSWER
1 Determine the formula.
The emf may be found throu plicpn of the formula:

-0.2m? c0s0°(0.0-0.4)
2

3" Calculate the answer.
emf=0.04V

An induction cooktop (Figure 9.2.2) uses electromagnetic induction to transfer electrical
energy to a ferromagnetic cooking vessel placed on it. The coil of the cooktop, which is mounted
below its surface, carries an alternating current that, in turn, creates an alternating current that
passes through the cooking surface and into the base of the vessel. This process creates a changing
magnetic flux through the surface of the vessel and induces a current in its walls. This current
flows through the vessel and ultimately produces heat, which is transferred to its contents.
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Iron-based
(ferromagnetic) Resistance to the
pot \ AC causes heating

) Oscillating electric
Ceramic top current is produced
(cold) in the pot

Oscillating ,|\ | i

magnetic field
g Induction coil carrying Q
AT ae o) Mtz O

To AC power supply

FIGURE 9.2.2 Induction cooking uses electromagnetic induction to tr ergyvery effectively
to the cooking vessel. This energy is manifested as heat.

Solving problems with Faraday’

By, substituting the magnetic flux equation into Fargflay sela e can see that:

po ~NAD _ —NA(Bdco (@, -D))
At

KEY FORMULA
Faraday’s law and the x equation combined

-NAD
emf=——

At
_ ~NA(BA€os6)

ectromagnetic force induced (V)
B = magnetic field strength (T)
A = area of the surface (m?)
6 = angle between the magnetic field lines and a normal to the surface (°)
@ = magnetic flux (Wb)
t =time over which the change occurs (s)

From this equation, it can be seen that there are three ways to induce an emf:

« Change the magnetic flux density, B.
« Change the area, A.
« Change the angle, 6, between the area and the field.

In practice, it is usually either the magnetic field or the angle that is changed. For example,
when a loop or coil of wire with area A is placed in a field, the flux through the loop can be
varied by spinning the loop. This changes the angle and induces an emf in the loop. The same
effect can be achieved by spinning a magnet near the loop. In both cases the flux varies in time.
This is used in electric generators.
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We can take any parameter kept constant out of the brackets. For example, if area and angle
are kept constant while B is varied, we write:
~Acos§AB _ —Acos6(B; - B)
At At

emf =

An emf is produced by a changing magnetic flux density.

WORKED EXAMPLE 9.2.1 Q%

A loop of conducting wire with an area of 0.500 m? is placed perpendicularly in a uniform
0.300 T magnetic field. Calculate the induced emf in the coil if it is removed from the O

magnetic field in 0.100 s.
ANSWER Q~
1 Determine the formula/law.

—AD

emf = —
At

2 Insert the magnetic flux equation.
omf — —A(BAcos0) 0
At

3 Rearrange the equation to find the unknown.
_ —Acos6(B; - B)
- At

emf

4 Substitute the known values.

_ -0.500m* x cos0° x (0T - 0.30¢fT)
0.100s

emf

5 Calculate the answer.

emf=15.0V < ,
If the area and field a %ant but the angle is changed, use the rearranged equation:

—BAAcos6 —BA(cos6, —cos#,)
At At

WORK :D E."AMPLE 9.2.2

@500 T magnetic field. Calculate the induced emf in the loop if the loop is rotated
t it becomes parallel to the magnetic field in 0.600 s.

ANSWER

1 Determine the formula/law.
—AD
emf = —
At

2 Insert the magnetic flux formula.
_ —A(BAcos0)
At

emf
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3 Rearrange the formula to find the unknown.
—BA(cos6; — cos6,)
At

emf =

4 Substitute the known values.

omf — —0.500T x 0.0250m?(cos 90° — cos0°)
0.600s

5 Calculate the answer.
emf=2.08x102V O
B @ p will have

ecting N batteries

To generate a larger emf, a coil containing multiple loops of wire is useg

an emf induced between its ends, so connecting N loops in series is lik
in series. Simply add the emf in all loops. Therefore:

KEY FORMULA

Faraday’s law for multiple loops 0
~NA®
emf=———

- —NA(BACOSB)
- At
where:

emf = electromagnetic for
N = number of loops

B = magnetic field glre
A = area of the e (m
6 =angle be n thegnagnetic field lines and a normal to the surface (°)

@ = magneti€ flux @vb)
t = timg’ov igh the change occurs (s)

WORKED EXAMP’.C 9.7.3

A wire loop of crq
strength through
a Sketch g7grap

al area 0.050 m? is in a magnetic field. The loop is perpendicular to the field. The field
loop changes with time as shown.
x through the loop as a

funcgioRyof ti
0.07 -
b raph of A as a function of time.
At 0.06 ¢
t@gnine the emf induced between the ends of 0054 © !
th@wire. E 004 °
termine the current induced in the loop when the @ o ® °
loop has aresistance of 0.15 Q. ’ Ps
0.02 - *
ANSWERS 0.01 '
a Use the values given in the question to sketch 0 T T T ' M '
0 2 4 6 8 10 12

the graph.
Use @ = BA cos 6, noting that 6 =0° and A = 0.05 m2.
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b Sketch the graph.

% is the gradient of the flux against time graph,

which is constant. We find this gradient by taking
the rise over run for a section of the @(t) graph.

¢ Find the emf.
The emf is the negative of the gradient of our flux
against time graph, which we can see is —-0.3 mV;
hence the emfis +0.3 mV.
emf=+0.3 mV

d 1 Determine the formula/law.

Flux (T m2)

7= emf
R
2 Substitute the known values. =~ 0 2 6 8 10 12
~3.0x10*V v |
/= ———— — o~
0.15Q E 14
'_
3 Calculate the answer: ™ 1
I=+0.002 A=+0.2mAor 2x10°A © -
< i
e —
<
LEARNING CHECK 9.2
DESCRIBING
1 Define the concept of a cha Ih magrtetic flux.
2 Explain Faraday’s law of omagnetic induction.
3 List the three variable an be altered to induce an emf in a loop of wire placed in a magnetic field.
4 Write an equatio a sed to calculate the magnitude of the emf induced in a conductive loop if the
magnetic field s aried over time.
5 Comparet cepyof potential difference with that of emf.
6 Reducigg lue of one of these variables will result in a greater emf: B, A or t. Identify which one of these

If®in a larger emf.
ed in a uniform magnetic field and is moved in a straight line at a constant velocity through the

flux through a 0.06
loop of wire as a :
function of time. R 0.04
a State the time at NE 0.02
which the emf e 0 Time (s)
produced will be 5 002 0.1 0.2 0 9
at a minimum. [T
—0.04
—0.06

FIGURE 9.2.6 A graph of changing magnetic flux against time
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b State the time at which the emf produced will be at a maximum.
c Sketch the induced emf across the loop as a function of time using the same time scale.

APPLYING

9 Acircularloop of r=0.2 mis placed in a uniform magnetic field perpendicular to the plane of the loop. The
magnetic field is increased uniformly from 0.0 T to 0.5 T in 4 s. Calculate the emf in the loop.

10 Use a flow diagram to explain how a cast iron pot placed on an induction cooktop is able to heat its contents

11 Acircular loop of radius r=0.15 m is placed in a uniform field perpendicular to its plane. The magnetic field
decreases uniformly, inducing an emf of 0.02 V. If the magnetic field changes over At = 5 s, determine
change in magnetic field strength over this time.

12 Aloop of conducting wire with an area of 0.45 m? is placed perpendicularly within a uniform 0.1
field. Calculate the induced emf in the coil if the loop is removed from the magnetic field in Q

13 Aloop of conducting wire with an area of 0.250 m? is placed perpendicularly within a uniform
Calculate the induced emf in the loop if the loop is rotated so that it becomes parallel to t

agnetic field.
etic fieldin 0.50 s.

14 Calculate the rate at which a uniform magnetic field passing perpendicularly throug p of ‘area 0.35 m?
must change in order to produce an emf of 12.0 V.

ﬁ

PN Lenz's law

The negative sign in the equation for ind miindicates the direction of the induced current.

Consider a loop in a magnetic field getling stronger with time (Figure 9.3.1). There
are two possible directions in whichgthe ind®ed current can flow. The negative sign tells us that
the current must flow so that thef ough the loop decreases. Why is this? The short answer
is conservation of energy.

The potential energ changing magnetic field is transformed into electric potential
energy. The result is ectr 1d that can do work by applying a force. Work is done on any
free electrons by thesjnduclg electric field. The electrons then flow, giving the induced current.
The induced curflent gegs its energy from the changing magnetic flux (via the electric field) and

so reduces t€ ra ich the flux changes.
Consi atgwould happen if the current acted to produce a further increase in the
mag lu rough the loop. The flux would increase more, giving a bigger induced

€ a bigger flux and so on. The result would be a ‘perpetual motion machine’

1

ad® more and more current without any source of energy. This would violate the law
offConservation of energy and cannot happen. So the current must flow in the other direction
act to decrease the magnetic flux through the loop. Lenz’s law is essentially a statement of
nservation of energy.

KEY LAW
Lenz’s law

An induced emf acts to produce an induced current. The induced current is in the direction
that causes a change in magnetic flux that opposes the change in flux which induced the emf.

«l
P4
L The current through a solenoid due to a changing magnetic field flows in a direction so that
its own magnetic field opposes the motion that created it. This is known as Lenz’s law. Lenz’s
Lgez?:'T:W law is a direct implication of the law of conservation of energy. In Physics circles it is also stated

as ‘there is no such thing as a free lunch!’
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a b c d
When the magnet is moved towards ~ This induced current produces ~ When the magnet is moved away This induced current

the stationary conducting loop, a its own magnetic field directed from the stationary conducting produces a magnetic field
current is induced in the direction to the left that counteracts the loop, a current is induced in the directed to the right and
shown. The magnetic field lines are increasing external flux. direction shown. so counteracts the

due to the bar magnet. decreasing external flux.

v ( = Y,
%S N%\I SIS (V_N%j s b aaq

.
=
\

FIGURE 9.3.1 A moving bar magnet induces a current in a conducting loop. The direction of t etermined by Lenz's law.

induced

=

B .
induced Repulsion

gl

Induced Induced
current current Attraction
© ©
Galvanometer
FIGURE 9.3.2 Introducing or removing r ma duces a current in a conducting loop. The direction of the current is

determined by Lenz’s law. (a) Introducing’a n
equivalent to introducing a south poj§”

pole is equivalent to withdrawing a south pole. (b) Withdrawing a north pole is

The magnitude of the @nvgfitional current flowing through a solenoid may be readily
determined by using t escribed earlier. However, to determine the direction of
current flow, you nee ow to apply Lenz’s law and the right-hand grip rule.

Determi direction of conventional
curre in a solenoid

For gfiestiogs that involve determining the direction of conventional current in a solenoid,

fi e sifps below:

ognise that Faraday’s law will lead to an induced current due to a changing magnetic

field. (This may be as a result of an introduced permanent magnet, turning on an
lectromagnet, or introducing a solenoid or coil to a magnetic field.)

. Recognise that Lenz’s law stipulates that any induced conventional current will circulate
in a direction so that its own magnetic field will oppose the motion. (There is no such thing
as a free lunch!)

3. Recognise the polarity (poles of N and of S) of the solenoid as a result. Label these and draw
the magnetic field lines around and through the solenoid. (Magnetic field lines run north to
south outside of the magnet.)

4. Apply the right-hand grip rule to determine the direction of the conventional current
through the solenoid.
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WORKED EXAMPLE 9.3.1

A permanent magnet is introduced to, or withdrawn from, a solenoid, inducing an electric current.
Determine the direction of the field acting around the electromagnet (solenoid) as well as the direction of
conventional current flow within the coil for each case from Figure 9.3.3.

a b © d
N JaVaVaVaX Z JaVaWaVa\ N JaVaWaVa\ Z
R R R
Magnet moved towards coil Magnet moved away from coil Magnet moved towards coil Ma e y from coil

FIGURE 9.3.3 Introducing or removing a bar magnet induces a current in a conducting loop.

ANSWER

1 Understand how Faraday’s law affects current.
We recognise that Faraday’s law will lead to an induced current due to dichafiglihg magnetic field with the
introduction or removal of a magnet to the coil.

2 Understand the impact of Lenz’s law.

Lenz's law stipulates that any induced conventional current c'late in a direction so that its own magnetic
field will oppose the motion. Where a north pole is introduce orth pole is created to oppose the introduction

of the north pole.
3 Label poles.

Label poles of the electromagnet (solenoid). Magffiet ines run north to south outside the magnet.
4 Apply the relevant rule.

Apply the right-hand grip rule to determineghe n of the conventional current through the solenoid.

Magnet moved tgwe i Magnet moved away from coil Magnet moved towards coil  Magnet moved away from coil
FIGURE 9.3.4 @ tion of the induced conventional current may be determined, along with the magnetic field
around t end en introducing or removing a bar magnet.

rea Eddy currents

ina

uetoa Induced currents are seen not only in wire loops, but in any material in which there are free
agnetic field charge carriers. If a magnet is moved around over a piece of metal, the changing magnetic field
magnetic braking will induce eddy currents in the metal. The electrons move in circles in the region where the
braking due to the field is changing. They form loops and spirals of current, like eddies in a cup of tea when you stir

interaction of eddy
currents and an external
magnetic field magnet. They act to slow down or brake the magnet. This is called magnetic braking.

it. These eddy currents create magnetic fields that oppose the changing flux from the moving
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LEARNING CHECK 9.3

DESCRIBING

Recall Lenz's law.
Define ‘eddy current’.
Explain how Lenz’s law is consistent with the principle of the conservation of energy.

B W N =

Sketch a flow diagram that summarises Lenz’s law
for a magnet that is being pushed into a coil of wire. >

APPLYING

5 Use Lenz's law to determine the direction in which
the induced current will flow in the solenoid as
a south magnetic pole is introduced. Copy the
following diagram and label the induced magnetic
poles on the solenoid shown.

<&

C) by electrical generators and

induction.

Production and transmis
of alternating curre

The production and transmission of alternating curren
transformers rely on the phenomenon of electrom

Generators
Most electricity produced Worldwid&o he operation of an AC generator. At a
fundamental level, a generator tra ms kfyetic energy, in the form of the relative movement
of coils of wire and magnets, int@ electfical energy through the induction of an emf across
the coils to generate a curre y required to produce the movement may come from
i supplied by burning coal or gas. A small fraction comes

from the gravitationa
energy of air mole
energy sources

urbines). Many other nations use nuclear energy. All of these
ators to produce electricity.
Figure 9giei s a very simple AC generator. An alternating current is one that varies
between pd @ d'negative values. Typically, AC varies sinusoidally. The coil is attached to
an ar, batt rotates in the magnetic field between the poles of the two magnets. As the
armafure rofates, the flux through the loops of the coil varies, causing an emf across the ends of
theeQil® end of the coil is attached to a conducting slip ring that slides against a brush. The
are then connected to the external circuit that uses the emf generated.
Figure 9.4.2, the graph of magnetic flux against time is a sine curve because the original
ux is zero.
The flux varies with the angle, 6, which varies in time so that:

9(t)=(2?njt=2nft

where T is the period of rotation.
1
The frequency is f = T Hence, the flux as a function of time is given by:

® = nBAsin 2nft)

9780170483704

R
Magnet moved towQ ;

alternating current (AC)
electrical current that
alternates its direction of
travel sinusoidally with
time

generator a device
used to produce
electrical current
by electromagnetic
induction

«l
o‘:

Weblink
AC circuits: alternating
current electricity

armature the frame

of the rotating part of

a motor or generator,
holding one or more coils
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Axis of rotation

Armature q
QE e ¢ R

/

/
4
/
7/
/
/
——————————— 7
/
/
/
/
/
4 -—

Slip rings

: % Carbon brushe
emf
ore
FIGURE 9.4.1 The rotation is circular, so the cir eriodic functions (sine and cosine)

represent the loop’s motion.

a Fluxq

O

> Time

PURESIRAAEEE o R R

> Time

180° 225° 270° 315° 360°
R _Q Q Q. Q, QR

FIGURE 9.4.2 A loop rotates in a circle. (a) The flux through the loop describes a sine curve. (b) The rate of change of flux —
the gradient - also describes a sinusoidal curve, but the emf is the negative of the rate of change of flux. The rotation of the coil
is shown for each one-eighth of a turn.
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KEY FORMULA

Flux through a rotating armature

The flux passing through a rotating armature in which a coil with n turns of area A rotates
in a magnetic field of magnitude B

@ = nBA sin (2nft)

where:

@ = magnetic flux (Wb)

n =number of coils of wire

B = magnetic field strength (T)

A = area of coil surface (m?)

f=frequency of rotation (Hz) O
t=time (s) Q~

The emf is the negative of the gradient of the flux as a function of time.
So the emf is given by emf = 2nfnBA cos (2nft).

KEY FORMULA 0
emf produced by a rotating armature in a magnetic fiel

emf = 2nfnBA cos (2nft)

where:

emf = electromagnetic force induced (V)
f = frequency of rotation (Hz)
B = magnetic field strength (T)
A = area of coil surface (m?)

t=time (s) &
This is shown in Figure 9.4.2@\& when the flux is changing most rapidly, the emf
T
has its maximum values. Fgf a gin ve, the gradient is greatest at t =0, t = > and again

at the end of each cyc flux is at a peak, at t = % and t = %, the gradient is

momentarily zero, s tRgfem1 1S zero. The flux and emf have the same frequency.

changes as

Usyaibly W aginature has a large coil of wire, as the emf is proportional to the number of
loopgfor turfhs in the coil. However, the bigger the coil, the heavier it is, so sometimes it is the
m t are rotated instead of the coil.

Y FORMULA

Maximum emf produced by a rotating armature in a magnetic field
emf  =2nfnBA

where:

f = frequency of rotation

n =number of turns

B = magnetic flux density
A = area of the armature
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WORKED EXAMPLE 9.4.1

A square coil of side length 0.10 m is made up of 400 turns. It is rotated at 25 Hz in a magnetic field of
magnitude 0.10 T.

a Determine the maximum emf induced.

b There is a maximum flux through the coil at t = 0. Sketch the emf as a function of time.

ANSWERS

a 1 Determine the formula.
Apply the maximum emf in an armature equation:
emf  =2nfnBA

2 Substitute the known values. E O

emf =2mx25Hzx400x0.10 T x (0.10 m)2
3 Calculate the answer.
emf =63V
b 1 Summarise the information known about emf and time.

We know from part a that the emf
varies between -63 V and +63 V. The

period of its oscillations is the same as ]
the period of rotation:
el
f
1
25Hz .
Time (s)
=0.04 s 004 006 008 0.10
2 Sketch the graph. |
Note that as we do not know which w. 10 |
the coil is turning, a sketch showin i
emf starting from zero and decrefising —60

firstis also possible. -

b  Induced current
s f=

Ipeak \ /\
| | —>t
| Ipeakip’é\—/ \_/

FIGURE 9.4.3 An induced emf gives rise to an induced current. The peak voltage and peak current are proportional to each
other and they have the same frequency. (a) The induced emf or voltage has a peak value, V. a0 that is half the peak-to-peak
value, Vpeak_peak. It describes one cycle in one period of time, T. (b) The induced current, /, has a peak value, |___, that is half the

peak’
peak-to-peak value / It describes one cycle in one period of time, T.

peak-peak *
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When dealing with direct current (DC), potential difference and current are constant, or direct current (DC) a
at least constantly in the same direction. Values for AC vary between a peak positive value and (s:il::;::j:r:;t?o%ws ina
a peak negative value, oscillating back and forth in each cycle. The average of the AC potential
difference over one cycle is zero, yet the AC potential difference obviously delivers energy
during that time; that is, it delivers power to a circuit. Power is proportional to the square of
the potential difference. If we square the potential difference and find the average, we can get
a value for the average power. To convert this to a single potential difference that would deliver
the same power as the original AC potential difference, we take the square root of this average.
The single value of potential difference that we get when we square, average and take the square
root is called the root mean square (rms) value (Figure 9.4.4).

£ € or current
at produces the same

& v b erinaload as a
V2 DC potential difference
v or current of the same
peak T (Vpea)* + magnitude
—>
Square Av. e
«l
‘% &
Weblink
0 What'’s the difference
between AC and DC power?
c d
V2
Z
(v )2 1 . (V )av
peak. = Vrms
% o+—
Squar. T
(Va)? 4 G
0 -
FIGURE 9.4.4 idal V(t). (b) Square V(t) to get VA(t). This has a peak value of V__?2

peak °

(c) The avefa f V2(t), which has the value %V 2. (d) Taking the square root of this value

peak

1
EJi‘,(aE; r : \<Tns = j;72;>\1ﬂeak‘

an AC generator, the rms output emf is therefore calculated as:

emf  2nfnBA KEY FORMULA
mf = ma ST _ J2nfnBA
NF) V2 Root mean square emf of an AC generator
The rms potential difference is an average AC potential ornf
difference that produces the same power in a resistive component emf = o
as a constant DC potential difference of the same magnitude. AC V2
systems are usually described using rms values. _ 2nfnBA
Similarly, to calculate the root mean square current of an AC: - N
I k =
L = 2 = 0.707 Iy V2nfnBa

rms \/5
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KEY FORMULA

Root mean square current, |, as a function of the peak current, I

rms’ k

peak

I =]
)
=0.7071
peak
The rms current produced in a generator that is connected to a load of esR is

calculated as:
I _ Imax _ \/ETCﬁ’lBA %
rms \/— -
2 R

Root mean square current of an AC generato

KEY FORMULA

l

Irms ==
V2
_\2nfnBA
R
The average power of angflter current can be calculated as:
I _ Vpeak Ipeak
rms rms 2

av rms rms

— Vpeak lpeak
2

WORKED EXAMPLE 9.4.2

If an AC generator that produces a peak voltage of 340 V is connected to an external load
with a resistance of 55 Q, calculate the:

a rms potential difference produced

b rms current produced

¢ average power of the alternating current.
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ANSWERS

a 1 Determine the formula.
The rms voltage equation:

_ Vpeak

vrrns \/5

2 Substitute the known values. >

3 Calculate the answer.

V=240V

rms

b 1 Determine the formula/law. O
v =I_R

rms S

2 Rearrange to find the unknown.

= \/I'I'nS

Irms R
3 Substitute the known values.
_ 240V
ms 550

4 Calculate the answer.
I =4.37A

I

¢ 1 Determine the formula.
P =V |

av_ rms'rms

2 Substitute the known values.
P,=240Vx437A

3 Calculate the answer.
P,,=1.05kwW C)

Transformers

Most appliances use er to convert the 240 V mains power (at 50 Hz) to a lower
potential differe omig also convert the AC potential difference to direct current. The
transformer ma the device, or it may be a separate adaptor or ‘brick’. There are also

jcity substations and in suburban streets (Figure 9.4.5). These drop the

FIGURE 9.4.5 Various transformers
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A transformer consists of two solenoids or coils of wire placed near each other so that an
alternating current in the primary coil can induce a current in the secondary coil. The link
between input and output is by electromagnetic induction; there is no electrical connection.

Solenoids are used because they produce a large and approximately uniform magnetic
field inside the coil. The field in the primary solenoid varies sinusoidally with the alternating
current in the coil. The coils need to be coupled so that the changing magnetic field in th,
primary coil causes a changing magnetic flux in the secondary solenoid. There are two
of doing this. First, the coils can share the same space by placing one within the other. @
sometimes used in cordless appliances such as kettles. The second, and more usua
link the coils using a ferromagnetic core.

The primary coil is wound around one side of an iron core. The current i
magnetises the whole core, not just the part within the primary coil. The ti
in the primary coil causes a time-varying magnetic field inside the seco
a time-varying electric field, hence an emf and current in the sec jl. Figure 9.4.6
shows how this works.

a Iron core
Iout
lin 51N 7 0
- C“; Z__D
P =V
in = Vin fin zﬁ;. d—F  Pout Input n, n, Output
L BEb
b
J

P.

in =

Vin lin = Pout _V
FIGURE 9.4.6 (a) A schemgaffc djaQRgngfof a transformer and (b) its circuit symbol

The flux through&p he same for both coils. If the primary coil has n_ turns then:

< I AD
Q/ o
KEY FORMULA @ KEY FORMULA

P PAt s__nsrt

The alternatin
ey An alternating magnetic flux through the

a transfor es an alternating magnetic field in - AD
the ironc is equal to the negative of the number secondary coil in a transformer —n_ A
of loops il multiplied by the rate of change of the produces a potential difference in the
- SATy coil (V).
P At

AD
As A is the same for both coils:
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KEY FORMULA

Y_%
V. n

v
The ratio of the voltages in the two arms of a transformer Vp is equal to the ratio of the
n

number of coils of each arm — . s
n

S

Assuming that the transformer is 100% efficient, power out equals power inor P, =P, . We O
can apply Ohm’s law to show that IV, = IS This can be included in the previous equation tO

give the full transformer equation:
o L
‘/S nS IS

KEY FORMULA

Transformer equation

B B _b
vs nS IS

The transformer equation: The ratio of the secondary vol§gge (V,) to the primary voltage
e seCondary current (I ) and is
(n,) to the primary number of

also equal to the ratio of the secondary numbeo
coils (n).

In reality, transformers are not %ent, and a small amount of energy is lost as heat
through resistance and eddy currgnts, alghough this is usually less than 1% of the total energy

transformed.
It is important to realise apsformers only work when an alternating current is passing
through the primary cqj W not work if direct current were passed through the coil. This

is due to the need f
This is one of th

-Changing magnetic field to produce an emf in the secondary coil.
ary®gasons that AC is widely used today — it can easily be transformed.

A step-uptrangtormer (n > n ) has a higher emf and lower current on the secondary side. ~ step-down transformer
A step-do s®rmer (n_< n ) has a lower emf and higher current on the secondary side. 2 transformer with
s p an output potential

difference that is lower

ApHlicajons of transformers in power transmission ihen the Input potential

lectgicdMransformers are essential components in modern power systems, enabling the efficient step-up transformer
nsiiission and safe delivery of electricity. Power plants generate electricity at a relatively low 3 transformer with
olfge, which is not suitable for long-distance transmission because of energy losses caused  an output potential
. . . . . difference that is higher
resistance in power lines. (Recall that power loss is proportional to the square of the current .1 the input potential
R =1 2 % R). To minimise these losses, transformers are used to step up the voltage to high levels, difference
allowing electricity to travel more efficiently over vast distances. (Recall that P=V x1I, so a high
voltage has a low current for the same power, but therefore has less power loss).
When the electricity reaches its destination, it needs to be made suitable for local use. This
is achieved by step-down transformers, which reduce the high transmission voltage to lower,
safer levels for distribution to homes, businesses and industries. This dual role of transformers

ensures reliable, cost-effective and safe delivery of electricity across the power grid.
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loss in transmission and to deliver energy safely to devices in homes and businesses.

WORKED EXAMPLE 9.5.3 O

A 120 W, 24 V AC supply is connected to the input terminals of a transformer. The prim | isSound with
240 turns. The output emfis 72 V. Assume there is no power loss in the transformer.

a Determine the number of turns on the secondary coil.

b Deduce if this is a step-up or step-down transformer.

c Calculate the output current.

FIGURE 9.4.7 Step-up and step-down transformers are used to vary voltages and currents. This can be used to red a

ANSWERS

a 1 Determine the formula.
% _
\/S nS

2 Rearrange to find the unknown.

N =np><\/s

S \/p &
3 Substitute the known values.
n = 240x 72 O
¢ 24
4 Calculate the answer.
n,=720

b Determine the relatigg etw€enn_andn_.

4 Substitute the known values.

= vrms

Irms R
5 Calculate the answer.
I.=17A
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LEARNING CHECK 9.4

DESCRIBING

1 Recall which two physical laws apply when an electrical generator makes electric current.

2 Explain alternating current.

3 Describe the purpose of a step-up transformer before transmitting energy over large distances.

4 Describe the difference between a step-up transformer and a step-down transformer. Q

5 Explain how a rotating coil in a magnetic field produces an alternating emf.

6 Explain why transformers can only operate with alternating current.

APPLYING O

7 Arectangular coil of 30 turns and area 100 cm? rotates at 1200 revolutions per mi iform magnetic

field of flux density 0.50 T.

a Determine the frequency of the generated emf.

b Determine the maximum emf.

c Calculate the rms emf.

d Write the equation that gives the emf at any instant.

The armature of an AC generator is rotating at a constant speedof volutions per second in a horizontal
field of flux density 1.0 T. The diameter of the cylindrical arggatureh cm and its length is 40 cm. The
generator is connected to a load of resistance 10.0 Q. Dete e:

a maximum emf induced in the armature if it has S
b rms emf produced by this generator

c rms current produced by the generator

d average power output of the generator.

A step-up transformer is connected to gff AG g tor that delivers 8.0 A at 120 V. The ratio of the number of
turns in the secondary coil to the nugab tygns in the primary is 500. Determine the:

a emfin the secondary coil

b average power input

¢ maximum power output

d maximum current inghe ry coil.

ANALYSING

10 The following g

the

r

magnetic fl a flgction of time
Op & a 30-turn coil g';g
inag 0.06
e the maximum and . 0.04-
fm emf and the period of g 0021
llation of the emf. = 0 T T Time (s)
erive an equation that e :g'gi 0.02 0-p8—04 02
describes the emf produced as a —0.06
function of time. 008 -
¢ Sketch a graph showing the emf —0.10 4

produced as a function of time.
d Include the rms emf on the graph.
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CHAPTER Electromagnetic induction

SUMMARY «  Electromagnetic induction is the production of an electromotive force (emf) across a
current-carrying conductor due to its dynamic interaction with a magnetic field.

- emfisadifference in potential, or a voltage, which tends to give rise to an electric current
(induced current).

Magnetic flux

«  Magnetic flux, ¢, is a measure of the total magnetic field passing through g gi @ .
This is also indicated by the number of magnetic field lines passing thrg @ jven area.

@ =BA=BAcosf

where:

@ = magnetic flux (Wb)

B =magnetic field strength (T)

A = area of the surface (m?)
0 = angle between the magnetic field lines and togfhe surface (°)

«  Magnetic flux density (B) is the strength of a magnétic¥field or the number of magnetic
field lines per unit area.

Faraday’s law

«  Faraday’s law explores the r ship Between different factors and the magnitude of

the voltage (emf) produc
em = 242 Q/
At

(D —

Z'Slaw

& Lenz’s law states the direction of a current, induced in a conductor by changing magnetic
field, is such that the magnetic field created by the induced current opposes changes in
the magnetic field that produces it.

e Todetermine the direction of the induced current, the right-hand rule can be used. The
fingers point in the direction of the magnetic field, the thumb points in the direction
of the conventional current and the palm points in the direction of the magnetic force.
Think about an individual positive charge and where it would be forced.

» By opposing the change in magnetic flux, the induced current ensures no energy is
created or destroyed, only transformed. For example, when a magnet moves towards a
coil, the induced current creates a magnetic field that opposes the magnet’s motion, the
kinetic energy is transformed into electrical energy as the induced current in the coil,
conserving the energy.

246 NELSON QCE PHYSICS UNITS 3 &4 9780170483704



Inducing a current

«  When a conductor moves through a magnetic field, it cuts across magnetic field lines,
causing the magnetic flux to change.

«  According to Faraday’s law, this change in magnetic flux induces an emfin
the conductor.

«  The direction of the induced emf is such that it opposes the change in magnetic flux and

can be determined using right-hand rule. OQ

Alternating current in transformers

«  Alternating current is electrical current that changes direction sinusoidally with tim

«  Transformers are electrical devices that require alternating current to transform t

stepping it down (high voltage to low voltage).

W om_ b
‘/S nS IS
where:

I =current in primary coil (A)
V, = voltage in primary coil (V)
I = current in secondary coil (A)
V. =voltage in secondary coil (V)
n, =number of turns in primary coil
n = number of turns in secondary coil
«  Step-up transformers increase the y@ltage the primary coil to the secondary coil.
«  Step-down transformers decreagsg,the Wltage from the primary coil to the secondary coil.

«  Transformers consist of two g@lenoids placed near each other with a common core.

. An alternating current
magnetic field around i
core to the secon
according to E,

the primary coil, which creates a changing
nging magnetic field is carried through the common
ere it induces an alternating current in the secondary coil,

(S

«  Faraday’sl voltage in the secondary coil can be higher or lower than the

voltagegs imary coil, depending on the number of turns of wire in each coil.
a Iron core b
’out
T ~
94— d—P
TP c—’g Pout = Yout lout Input n, > n, Output
[ I
Pin = Vin Iin = Pout = Vout Ioul
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CHAPTER
EXAM

MULTIPLE CHOICE

1.

Which of the following does not affect the magnitude of the magnetic flux passing
through a surface?

A The composition of the surface

B  The magnitude of the magnetic field

C  The area of the surface

D The orientation of the surface to the magnetic field

The unit used of magnetic flux is the weber (Wb). What is another unit that c3 @ ed?
A Tm

B Tm™

C Tm?

D Tm™

On a graph of the magnetic flux passing through a surface c of time, the

feature that gives an indication of the size of the emf as a fun@®n of time is the:
A  yintercept.

B xintercept.

C areaunder the line.

D gradient of the line.

The cause of the alternating current in the %-
produced by the:
A voltage applied to the primary

dary coil of a transformer is an emf

B  varying electric field of thgprima®Ry coil.

C varying magnetic fiel rimary coil.
D varying magnetic §fld econdary coil.
The horizontal steglfcalgd b of a freighter travelling at 10 m s is 7.0 m long and is at

an angle of 75° wélatje to We direction of the ship’s motion. The magnetic field of Earth
in that regio, s a veMical component of 4.0 x 10~° T. What is the potential difference
between th@ends 3f the boom?

2.8 mV

ire loop that encloses an area of 15 cm? is perpendicular to a magnetic field of 0.10 T.
If the field drops to 0.04 T in 0.2 s, what is the average emf induced in the loop?
A 03mV

B 045mV
C 40mV
D 45mV

A 200-turn coil whose resistance is 4 Q encloses an area of 20 cm?. A changing magnetic
field parallel to the coil axis induces a current of 1.2 A in the coil. How rapidly is the
magnetic field changing?

A 075Ts™
B 12Ts™
C 144Ts*
D 30Ts*
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Questions 8 and 9 relate to the following information.
A transformer has 300 turns in its primary coil and 75 turns in its secondary coil.

8. When the current in the secondary coil is 20 A, what is the current in the primary coil?

A 5A
B 25A
C 80A
D 6.4kA
9. If the power input to the transformer is 40 W, what is the power output?
A 25W
B 10W
O
D 160W
10. The diagram displays two coils that share a common iron core.
When the switch on the left is closed (turned on), the current through the am and
resistor will:

U IO

L
| Switch
O—

gawp

not current flow.

flow from left to right.
flow from right to left.
alternate back and forth<

SHORT RESPONSE

11. t is initially placed perpendicularly to a uniform magnetic
ickly removed from the magnetic field over a period of 0.05 s.
mf that will be produced in the loop.
12. velocity a wire 20 cm long should have through a 0.05 T magnetic field to
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13. Describe the direction of the current that flows in the resistor when the following
changes are made to the position/orientation of the magnet near the iron core of the coil
shown below.

Axis
N S
a  The south pole of the magnet is move to the coil.
b The south pole of the magnet j m@yed further from the coil.
¢ The magnet is now rotated 90° Q@ckwise (as seen from above) about the axis shown.
d The magnet is rotated 900 Clockwise (as seen from above) about the axis
shown until the nor ges the coil.
e The north pole i er from the coil.
f  The north po oser to the coil.

e which €nd of the wire (P or Q) will acquire a positive charge due to the

14. A flat, horizo loopyof wire is in a region in which the magnetic field is into the

page. Desc

induce f any) resulting from the following changes:

&

” =0 a6 o e

The magnitude of the magnetic flux density B increases.
The loop is moved down into the page.

The loop is moved to the left along the page.

The radius of the loop is increased.

The coil is moved up the page.

The radius of the loop is reduced.

The magnitude of the magnetic flux density B decreases.
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DATA ANALYSIS

15. Apply understanding
A loop of wire is rotating in an anticlockwise direction (as shown below) in a region
between two magnetic poles. The ends of the loop are identified as A and B. The positions
of A and B are noted as the loop rotates and these positions are labelled M, N, P, Q and R.
a  In which position(s) does A have a maximum positive electric potential?
b  In which position(s) does A have a zero electric potential?

¢ Which graph (W, X, Y or Z) corresponds to the variation of flux through the coil OQ

versus position?
d  Which graph (W, X, Y or Z) corresponds to the variation of electric potential at A O

versus position?
Aj iB

Graph W
Position M A
A B N P Q R
Position N @
eB
S N
oA /
N
Position P
Graph Y
N
N
M N \(_)/R 4
sitfon Q
oA
S N
eB
Graph Z
Position R T /\ N
7

S

>e
we
4
g:
z
3]
/:
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CHAPTER

1 0 Electromagnetic radiation

SYLLABUS
DOT POINTS

) SCIENCE AS A HUMAN ENDEAVOUR

Appreciate the significant contributions of scientists such as Charles-Augustin de
Coulomb, Michael Faraday, Emil Lenz, Mary Somerville and James Clerk Maxwell who
furthered our understanding of electromagnetism.
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Introduction

The culmination of electromagnetic theory came in the 19th century with the work of
theoretical physicist James Clark Maxwell. Maxwell unified all the known phenomena of
electricity and magnetism with the field theory of Michael Faraday into four equations

that completely altered the way we view light. By analysing these four equations, Maxwell
could describe many of the properties of light, but, most particularly, he was able to predict
that light was an electromagnetic wave. This chapter will investigate the implications of
this prediction.

Assessments Worksheets
® Learning checks 51, 5.2, 5.3 ®* Name
® Chapter exam ® Name

- - lame
Practicals

® |Investigating the ma@ification of a
microscrope

! @

To acc~o5% Ysources above, visit

«l H
“ e N e lSO n Mi ndTap cengage.coi.au/nelsonmindtap
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ASSUMED KNOWLEDGE

v The frequency (f) of a cyclic or oscillating phenomena is the number of cycles or
oscillations per second; units are hertz (Hz) or s

v The period (T) of a cyclic or oscillating phenomena is the time it takes for a single cycle
or oscillation; units are seconds (s).

v The relationship between frequency and period can be stated as f— —

The speed of light in a vacuum is a constant:c=3x 108 m s™.

v The wave equationis v=fA.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

<

v describe the concept of an electromagnetic wave and how th rR@f Maxwell
contributed to our understanding

explain the relationship between oscillating electric charges alN@ electromagnetic waves
interpret visual and graphical representations of an trgmagnetic wave

use the wave equation to quantify aspects of an ele tic wave

categorise an electromagnetic wave within theglec etic spectrum

describe how electromagnetic waves can be pRgduCegfand detected

analyse graphical data related to frequenv th, wavenumber and energy.

10.1 EIectrm@ ic waves
Physicist James Clark 1-79) most important contribution to physics was to take

the equations and e me results of Faraday and others and unify them into a single
differential equation an theory of electro etisy This theory is summed up in four differential equations.

equation that relates Maxwell’s foflr equations describe all the known classical phenomena involving electricity
the rate of change of

AL L U U NN

displacement in space and magnej ay be summarised as:
to the rate of change of «  Gauss tric fields are created by charges.
displacement in time i . X
. G magnetism: There are no isolated magnetic poles (monopoles).
a3, . ay STaw: Electric fields are created by changing magnetic fields.
“e m -Maxwell law: Magnetic fields are created by moving charges (currents) and
changing electric fields.
Weblinks

Electromagnetic wave

James Clerk Ma; l:"The IeCtromag netic Waves

greatest physici@it you’ve'
never {garQEf When Maxwell combined the second pair of his equations, he made a fundamental discovery.
When a changing magnetic field produces an electric field, this electric field must also be
changing. This changing electric field will then produce a changing magnetic field that would
go on to produce another changing electric field, and so on.

Armed with this discovery, Maxwell could show that by manipulating the equations, the

electromagnetic wave . . . . .
a wave produced by result of the interaction of these changing electric and magnetic fields was a wave of coupled,
an oscillating charge self-sustaining oscillating electric and magnetic fields that travel as transverse waves and can
resulting in mutually propagate through empty space. The equations went on to show that these electromagnetic

perpendicular electric
and magnetic fields waves explained all the known phenomena of electricity and magnetism.
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Electromagnetic waves can
travel through a vacuum

Electromagnetic (EM) waves propagate as transverse
waves consisting of electric and magnetic fields
oscillating both at right angles to each other and to
the direction of travel (Figure 10.1.1). Because the
oscillations of EM waves occur in fields rather than
a medium (as is required by mechanical waves), they
do not require a medium to travel through and can
therefore propagate through empty space.

Even though light had been shown to behave like
a wave some 60years before Maxwell’s discovery,
there was much debate about the medium through
which it travelled. Maxwell’s description of EM
waves could put to rest the need for the luminous
aether — the hypothesised substance that pervaded the
universe and provided a medium through which light
waves propagated.

The speed of light

From his equations, Maxwell could predict that
the speed of light in a vacuum (c) was inversely
proportional to the square root of the product g

the magnetic permeability (4,) and the elect Q

permittivity (g)) of the vacuum.

This value agreed, within uncertaingp, Wigh t
experimentally measured value of th do t.
In addition, the speed depends on the stants
U, and g, which are properties of§empty§ispace. This
agreement between theory nt provided
strong support for Maxw

1

VHoE

d offlight in any medium

Electric
field

Magnetic
field

Wavelength

B

FIGURE 10.1.1 ec
consisting o pi&t el

magnetic waves are transverse waves
ric and magnetic field oscillations.

Y FORMULA

Speed of light in a vacuum

1
C=—F=—==3.00x10ms"
VHoE

The speed of light in a vacuum (c), is dependent upon the
magnetic permeability (1,) and the electrical permittivity
(g,) of the vacuum.

=3.00 x 10 ms™, but for light in any other medium,

ds on the permittivity and permeability of the medium.

eed of light in any medium (v) is dependent upon the magnetic permeability (z) al

nd the electrical permittivity () of that substance.
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Weblink
What is the speed of light?

CHAPTER 10 | ELECTROMAGNETIC RADIATION 255



universal wave The universal wave equation, v=f, gives us a relationship between the speed, frequency
equation a fundamental and wavelength for electromagnetic waves, just as it does for mechanical waves.

relationship that
describes the propagation
of waves in any medium,
given by v=f); applies

to mechanical waves KEY FORMULA
(e.g. sound, water) and
electromagnetic waves Wave velocity
(e.g. light, radio).
The wave velocity (v) is directly proportional to the frequency (f) and the wavelength (3 of

the electromagnetic wave:
v="F\
where:

v =velocity (m s™)

f=frequency (Hz) O
L = wavelength (m) Q~
WORKED EXAMPLE 10.1.1 2

An antenna for a radio station transmits a signal with frequency of 106. . late the wavelength of
this electromagnetic wave.

ANSWERS
1 Determine the formula.
v="fA
2 Rearrange to find the unknown.

A=Y
f

3 Identify the relationship between v and c.

c
v = c for electromagnetic waves
4 Substitute the known values.
~3.0x10°ms™
106.3 x 10°Hz
5 Calculate the answer.

A=2.82m

TABLE 10.1.1 Wavelength and frequency data for a range of electromagnetic waves

s Wave region Wavelength, Wavelength, Frequency,
A (m) A (nm) f (Hz)

Radio wave 2.0x10°
Visible light (red) 4.3 x10™
X-ray 1.0x 107
Gamma ray 5.0 x 10%
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ANSWER

Wave region Wavelength, Wavelength, Frequency,
A (m) A (nm) f (Hz)

Radio wave 2.0x10°3 2.0x10™ 1.5x 108
Visible light (red) 6.98 x 107 698 4.3x10™
X-ray 1.0x 107 0.1 3.0x10
Gamma ray 6.0 x 107 6.0x 10+ 5.0 x 10%°

<<%

WORKED EXAMPLE 10.1.3

A light wave in a vacuum has a wavelength of 500 nm. If the speed of light i
frequency of the light.

ANSWER
1 Determine the formula.
v="Ff\
2 Rearrange to find the unknown.
%
f=2
A

3 Identify the relationship between v and c.
v = c for electromagnetic waves

4 Substitute known values.

_ 3x10°
The electrom igrspectrum

500x10°
5 Calculate the answer.
f electromagnetic wave. Maxwell also predicted that a large

f=6.0x10"Hz

Visible light is only o

range of frequen as Pgssible for electromagnetic waves, well beyond the visible spectrum.
Figure 10.1.2 n alfernative display of the electromagnetic spectrum, which shows the
full range that have been produced or detected. They form a continuous spectrum
of energi g-wavelength, low-frequency radio waves through to short-wavelength and
highfrequegcy gamma rays.

ehaviour of light

axwell provided definitive proof that light and all other forms of electromagnetic radiation

avels as a wave. This agreed with the fact that all EM waves are known to exhibit wave
behaviour including reflection, refraction, diffraction and the principle of superposition, as
discussed in Chapter 15 of Nelson QCE Physics Units 1 & 2.

9780170483704
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O

s, calculate the

electromagnetic

spectrum the family

of electromagnetic
radiations — radio waves,
microwaves, infrared
radiation, visible light,
ultraviolet radiation,

X-rays and gamma rays —
all of which travel at
3.0x10®m s in avacuum

V6%

Syllabus link

Chapter 1 of Nelson
QCE Physics Units 1 &
2 discusses that heat
can be transferred as
infrared radiation.
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electromagnetic
radiation radiant Frequency, (Hz) Wavelength

energy consisting of 22 ~
synchronised oscillations 104 - ' The visible light
of electric and magnetic 1021 | ! N " . ded
fields, or electromagnetic Gamma rays 41 pm spectrum IS gxpan €
waves, propagated at 1020 to show details of the
the speed of light in 19 i colours.
a vacuum 1077
1018 |- I ~400 nm
«l .
'|: 1017 | tom
i Violet
1016 | Blue
Weblink 1015 e = Grgag
The electromagnetic a
spectrum 10141 Lisible light
1013 Infrared
1012
1011
0L . ]
10 Microwaves frequencies.
109 F
108 TV, FM
107 F Radiowave Nl
106 )
Tkm
10° | !
104 | Long wave :
108 J
FIGURE 10.1.2 The electrggffagpeti ctrum showing all EM waves that have been produced or
detected ordered accordj eirgavelengths and frequencies

Making a@t cting electromagnetic waves

Accordin:
that self-pr:

quations, EM waves consist of oscillating electric and magnetic fields
gatgp but for this to occur they require an initial change in one of these fields.
sotfCe of these initial oscillations?
arged particles and magnetised materials produce fields in the space around them.
hese are insufficient to produce EM waves, as the fields are static and do not change
time. The same is true of steady electric currents.
owever, if the current in a wire changes with time, as is the case in alternating current (AC),
e wire emits electromagnetic radiation. This can be generalised to the important statement that
whenever a charged particle accelerates, it radiates energy in the form of electromagnetic waves.

An important application of the fact that accelerating charges produce EM radiation is that
of the antenna, which can be used to transmit or receive EM waves.

A transmitting antenna works by being connected to an AC. This current causes charges
to oscillate back and forth along the length of the antenna, which creates a magnetic field. The
magnetic field is perpendicular to the axis of the antenna and forms loops around the antenna.

The current oscillates with frequency f. The magnetic field also oscillates with this frequency.
This time-varying magnetic field creates a time-varying electric field. This electric field also
oscillates with frequency f, at right angles to the magnetic field.

These two oscillating fields are the EM wave. The EM wave travelsin adirection perpendicular
to both the fields that make up the wave, which are themselves mutually perpendicular. This is
shown in Figure 10.1.2 and Figure 10.1.3.
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FIGURE 10.1.3 An antenna can transmit EM waves as a result of an AC travelling through it.

The frequency of the wave is f, the same as the frequency of the current, and j
speed c in a vacuum or very close to this in air. In this way, an EM wave of any fre
produced by changing the frequency of the oscillations in the current.

When this travelling electromagnetic wave is incident on free chargeg, s as electrons
in a receiving antenna, it will make them oscillate. The electric fie s gflorce to the
electrons, and an AC with the same frequency, f, is produced. This cugfen be picked up and
converted into another form. For example, a transducer attachgd to enna can convert
the current into sound waves. Hence, an antenna can either tra ctromagnetic waves if
it is connected to an AC, or receive them and produce an is\s how radio, TV and mobile
phone antennae work. The length of the antenna depends e frequency of the waves it must
transmit or receive and the current it must carry. L anterMae are used for lower frequency
electromagnetic waves.

Maxwell’s legacy

Maxwell’s equations were startli @ because of their ability to describe known

phenomena, but also because of gheir pgedictive power. However, in many ways the largest
impact of Maxwell’s work wagPth fic process that he followed. He combined existing
theories into a new model tfataffade predictions that could be investigated. This was in stark
contrast to the usual m 0 ing observations and then attempting to formulate a theory
that agreed with thes tons. Many theoretical physicists have since followed the same

process, includi st Mgtably, Albert Einstein, whose famous ‘thought experiments’ made
incredible predictigffs are still being shown to be experimentally correct today more than

100 years 13 %

Wakelangth versus wavenumber

avelength (1) is the physical distance between two consecutive points in a wave that are in
ase, such as two peaks or two troughs. Wavelength is measured in metres (m), although
aWelengths are often written in nanometres (nm) for convenience. Wavelength is related to the
equency through the universal wave equation, v = fA.

1
Wavenumber (k or X) is the number of wavelengths per unit distance, effectively describing

the spatial frequency of a wave. It is the reciprocal of wavelength. The wavenumber is measured
per metre (m™).

9780170483704
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Syllabus links
Chapter 13 discusses
how the movement
of electrons within an
atom produces most
of EM waves that
exist in the universe.

Chapters 7 and 8
discuss charged
particles and
magnetised materials.
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WORKED EXAMPLE 10.1.4

A light wave has a wavelength of 450 nm. To which part of the electromagnetic spectrum does this wave
belong? Refer to Figure 10.1.3.

ANSWER %
A wavelength of 450 nm is represented in the visible light spectrum (400-700 nm) and is more specificall
within the blue-violet colour of the spectrum (see Figure 10.1.3).

WORKED EXAMPLE 10.1.5 O:
If a beam of light has a frequency of 5 x 10'* Hz. Determine its:
a wavelength b wavenumber.

ANSWERS
a 1 Determine the formula.

P
f
2 Substitute the known values.

- 3.0x 108
5x 10"
3 Calculate the answer.
A=6.0x107m or 600 nm
b 1 Determine the formula.
1 f

A c
2 Substitute the known values. &
1 5x10"

A 3.0x10° < ’
3 Calculate the answer.

l=1.67 x 10° m™'

A

oY

- O
DESCRIBING

Weblin
The SKA project i@ Australi . ) ) . ) . .
() 1 Identify the scientist who unified all the information about electromagnetic
phenomena into a single theory, described by four equations.

‘EARNING CHECK 10.1

2 State the range of wavelengths for visible light.
A beam of light has a frequency of 2.5 x 10'® Hz. Determine its:
a wavelength b wavenumber.
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4 When light (or other electromagnetic radiation) travels across a given region, what:

a oscillates? b istransported?
5 What does a radio wave do to the charges in the receiving antenna to provide a signal
for your car radio?

APPLYING

6 The red light emitted by a helium—neon laser has a wavelength of 633 nm. Q%

a What is the frequency of the light waves?
b How long would it take for a signal from this laser to travel from Earth to the Moon
and back, a distance of 768 000 km?

ANALYSING O
7 What experiments may be done to show that light is a wave? Provide two exampl
and state the property of waves that they exhibit.
sin

8 The human eye is most sensitive to light with a frequency of 5.45 x 10™ Hz,
the green-yellow region of the visible electromagnetic spectrum.

a What is the wavelength of this light?
b What energy does a single photon of this light contain?

9 Draw an electromagnetic spectrum, labelling at least three wavflen edions that
you have used today.

A
Qg/C)
Q~
C)O
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CHAPTER Electromagnetic waves

SUMMARY «  Maxwell combined his equations to discover that when a changing magnetic field produces
an electric field, this electric field must also be changing, which will then produce a
changing magnetic field which will produce another changing electric field, and so on.

«  Electromagnetic waves propagate through space as oscillating electric and magnetic
fields that are perpendicular to each other and to the direction of travel.

Electric
field

Magnetic
field

Wavelength

«  Mechanical waves need a material s nce to carry their vibrations; however,
electromagnetic waves are sel tainig; the changing electric field generates a magnetic
field, and so on, allowing t o move forward independently, without a medium.

«  The speed of light in agfic iﬁl depends on the magnetic permeability () and the
electrical permittivi f the vacuum:

romagnetic spectrum

The electromagnetic spectrum is a continuous spectrum of radiations that encompasses a
range of wavelengths and frequencies, from radio waves to gamma rays.

«  The universal wave equation, v = f A, relates the velocity to the frequency to the
wavelength of the wave.

Making and detecting electromagnetic waves

»  Accelerating charges, such as those in an alternating current, produce electromagnetic
waves due to oscillating electric and magnetic fields.

« Antennas transmit electromagnetic waves by creating oscillating currents and receive
them by converting the changing electric field into an alternating current.

«  The frequency of the oscillating current determines the frequency of the electromagnetic
wave, with longer antennas required for lower frequency waves.
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MULTIPLE CHOICE CHAPTER

1. The orientation of oscillations in the electric and magnetic fields in an electromagnetic EXAM
wave is:
A perpendicular.
B congruent.
C parallel.
D antiparallel.

2. An electromagnetic wave is a:
A transverse wave.
B  surface wave.

C longitudinal wave. O
D sound wave.
3. Which of the following waves has a wavelength that lies in the range of 1cm

A Gamma rays

B Xrays

C Microwaves
D Visible light

4. Which of the following waves has the highest frequency?
A Radio waves
B Microwaves
C Infrared waves
D Visible light

5. The electromagnetic spectrum consists of I gions. Which option shows

B Infrared, gamma rays, X-ray¥a
C Infrared, ultraviolet, ga rays a
D Infrared, ultraviolet, X-r@ys andgamma rays

6. Ifabeam of light has afgegffency of 5 x 10" Hz, what is its wavelength?
A 15x107m
B 3x107m

D 15x10'm™

A light wave has a frequency of 3.0 X 10'°Hz. To which part of the electromagnetic
spectrum does this wave belong to?

A Infrared

B  Microwaves
C Radio waves
D Ultraviolet

9780170483704 CHAPTER 10 | ELECTROMAGNETIC RADIATION 263



9. A light wave has a wavelength of 2.0nm. To which part of the electromagnetic spectrum
does this wave belong?
A Gamma rays

B Infrared
C Ultraviolet
D X-rays

10. How long would it take for light from a laser to travel from Earth to a reflector on t
Moon and back again, a distance of twice 384400 km?

A 0.74s

B 1.28s

C 2.56s

D 5.12s
SHORT RESPONSE

2 C?N'm™and its
spged of [Tght in a vacuum is

11. Show that if the electrical permittivity of a vacuum is 8.85 x 1
magnetic permeability is 1.257 X 107¢ Ns*C2, then t
3.0x10* ms™.

12. Iflightis travelling at a velocity of 2.54 x 10°m{§* gh a medium that has an
electrical permittivity of 7.86 x 1072C>*N-gm 2, te the magnetic permeability of
the substance.

13. A mobile phone transmits a signal freguency of 1800 MHz.
a  Name the part of the electromagfgtic spectrum this wave belongs to.
b  Determine the wavelgyBtINgf this signal.
c Calculate how longit¥ is wave to travel from Perth to Sydney, a distance of

about 3300km.
d Explain wh kes longer than this for a signal to travel from a mobile
phone in Pért ile phone in Sydney.

m, reaching interstellar space. Despite being launched about 50 years ago,
hy&jcists on Earth are still in contact with the remotely operated spacecraft via radio
sighals. Because of the vast distance involved, it takes a significant period of time for a
radio signal travelling at the speed of light, c, from Earth to reach Voyager 1. This required
time is continuously changing according to where Earth is in its orbit of the Sun and
because of the probe’s outward-bound velocity, which is an amazing 17.0km s™.

(diagram not to scale)

Earth

Aq

«————2.40 X 1070 km ——>
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a  Determine the time is takes in hours for a radio signal from Earth to reach Voyager 1
when at a particular point in time Earth and Voyager I are at positions A, and A,
respectively.

b 183 days later, Earth and Voyager 1 are at new positions, B, and B, respectively, due
to Earth orbiting around to the other side of the Sun and Voyager’s velocity. Consider-
ing the radius of Earth’s orbit around the Sun is 1.5 x 10*km and Voyager I’s velocity

is 17.0km s, determine the time in hours it takes for a radio signal from Earth to Q E )

reach Voyager 1 at this second point in time.

DATA ANALYSIS

15. Interpret evidence
A physicist performed an experiment to answer the following research question:
‘Can the value of ¢ be accurately determined by analysing the visible spectrum usi
combination of equipment at hand?’
Two specialised pieces of equipment were available in the laboratory: one cou easure
the frequency of light, f; and the other could measure the wavelength ofgfght, A.
physicist used a prism to disperse white light and two different piece
analyse the resultant spectrum. The raw data gathered is presentgll 1

Graph 1. Frequency according to wavel data
collected by two different piecegsf pment

900 1

800 1

B
~.

700 -

- @o’\
- &

300 >

T T T T T T T
.500 4.000 4500 5.000 5.500 6.000 6500 7.000 7.500
Wavelength, A (m) x 10~/

Frequency, f (THz)
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The data was then processed to produce Graph 2.

a6 o e

(¢

Frequency, f (THz)

Graph 2: Frequency according to the inverse of wavelength using
data collected from two different pieces of equipment

N

800
‘.-.
.‘o"'.
700 - '._o-
o-oa"‘ y = 280x
600 - gL
>
PR
»
500 1 o
o®
".‘.

400 {0
300 . . . . T T —>

1.40 1.60 1.80 2.00 2.20 .40 2.60 2.80

Inverse of wavelength, sy ( -6

Describe and explain the trend illu: aph 1.
Deduce why the range of the x-ax 1is3.000 to 7.500 x 10" m.
gin Qraph 1 is 300 to 900 THz.

need to refer to Figure 10.1.3.
Describe the mathgm3 glationship between frequency, f, and the inverse of
wavelength, A, gffidept ilN@Taph 2.
Calculate angxp egftally determined value for the speed of light, using the line
equation i 2.
Calculgte the per®entage error of the experimentally determined value of the speed
of ligh

keg s ent about the accuracy of the experimental value.
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SCIENCE AS A HUMAN ENDEAVOUR

Syllabus » Consider the scientific evidence concerning the risks of
electromagnetic phenomena and associated technologies (e.g. wi-fi
and mobile phones) as reported in the media.

Physics 2025 v1.0 General Senior Syllabus © QCAA 2024

dot point

The physics of wireless technologies and public health

The rapid growth of wireless technologies such as wi-fi and mobile phones has
revolutionised the way society communicates, shares information and stays connected.
However, these advancements come with a growing concern about the potential health
risks associated with electromagnetic phenomena. In particular, the radiofrequency
radiation emitted by these devices has raised questions about their long-term eff:

human health. We will examine the science behind RF radiation, what research ou
its safety, and how the scientific method continues to address public concefns.

Understanding electromagnetic radiation
Wireless devices such as mobile phones and wi-fi routers rely on el @
radiation to transmit data. This radiation belongs to the category ofirad#tfequency
waves, a type of non-ionising radiation that is much lower in eggrgy rmful ionising
radiation such as X-rays and gamma rays. The key difference non-ionising
radiation and ionising radiation is their ability to remove y B@und electrons from
atoms, which can cause direct damage to biological tis

The scientific community agrees that non-ioniging RF ragiation does not have the
same biological effects as ionising radiation, b serns about prolonged exposure to
RF waves, particularly regarding cancer or n ro effects, have spurred numerous

studies to assess potential risks.

The role of scientific research
The widespread use of wireless olo akes understanding the effects of RF
radiation a key public health issle. To #ldress concerns, organisations such as the World
Health Organization (WHO)gffati Ith agencies, and independent researchers have
conducted extensive inveSgigations. Epidemiological, animal and laboratory studies into
the impact of RF radi o) ody have all contributed to our current understanding of
the risks of using th gy. Most studies focus on whether exposure to RF radiation
from devices s ile phones, which operate at frequencies between 700 MHz and
2.7 GHz, coul rious health outcomes.

hutterate

FIGURE 1 The rapid growth of wireless technologies such as wi-fi and mobile phones has
revolutionised how we communicate, share information and stay connected.

9780170483704
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ionising radiation
high-energy radiation
that has enough energy
to ionise atoms and
molecules, potentially
leading to cancer or other
harmful health effects
(e.g. ultraviolet light,
X-rays and gamma rays)

non-ionising radiation
radiofrequency radiation
from wireless devices
that lacks the energy to
ionise atoms, so it cannot
break chemical bonds or
directly damage DNA
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The scientific consensus emerging from this research is that the RF radiation from
everyday devices such as mobile phones and wi-fi routers is safe when used within
regulated guidelines.

Key physics principles of electromagnetic radiation
To understand the health effects of RF radiation, it is important to review the key physics
principles that govern electromagnetic phenomena:

» Electromagnetic spectrum: RF waves are at the lower-energy end of the
electromagnetic spectrum, between 3 kHz and 300 GHz. They are used for wirg
communication because they can carry signals over long distances without g @
ionisation.

* Inverse-square law: The intensity of RF radiation decreases rapidly wifj e from
the source. For example, holding a mobile phone close to your ear, I
RF exposure than using a hands-free device or placing the phon er mode.
Doubling the distance reduces the intensity by a factor of fg

« Specific absorption rate (SAR): SAR is a measure of the ra hich the body
absorbs RF energy, expressed in watts per kilogram. Mgobile p[f@ne manufacturers are
required to adhere to SAR limits, ensuring that devi ain within safe exposure
levels set by regulatory agencies.

ali
afety of RF radiation, public debate

Distinguishing between evidence and sensa
Despite the overwhelming evidence supporti
persists. Media outlets sometimes rep oldfed studies that suggest possible health
risks, often without considering the b body of scientific evidence. These reports

can lead to public fear, even when the st8dies in question are inconclusive or have been
contradicted by further researg

ce, the peer-review process ensures that research
ts in the field before it is accepted as valid. Claims
t have not undergone this process should be treated

* Importance of peer reyj
is thoroughly evalua
of harm from RF ia
with caution.

+ Sensationafism versus science: Headlines that exaggerate potential risks can fuel

unnecegsalyg anxigty. It is important to distinguish between well-conducted, repeatable
studi€s byrep le and authoritative bodies and sensationalised reports that may not
et

t
r state of scientific knowledge.
ng research and safety guidelines
udh current scientific evidence does not support the idea that RF radiation from

obile phones or wi-fi routers poses a significant health risk, research is ongoing. The

IMernational Agency for Research on Cancer has classified RF radiation as ‘possibly
carcinogenic’ to humans, based largely on limited evidence from animal studies. This
classification highlights the need for continued vigilance, especially as technology evolves
and new devices enter the market.

The rapid advancement of wireless technologies represents a triumph of physics
and engineering. By understanding the electromagnetic phenomena at the heart of
these technologies, scientists have been able to design systems that enable global
communication, data sharing and connectivity. Extensive research supports the safety of
these technologies, showing that RF radiation from everyday devices poses no significant
health risks when used according to established guidelines. As science continues to
explore this area, it highlights the importance of distinguishing between well-founded
scientific evidence and media sensationalism, ensuring that the benefits of these
technologies are enjoyed while public health is maintained.
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Revolutions
in modern
physics

it opener

Special relativity
CHAPTERS RELATED TO THIS TOPIC AREA: 11

Quantum theory
CHAPTERS RELATED TO THIS TOPIC AREA: 12-13

The standard model
CHAPTERS RELATED TO THIS TOPIC AREA: 14-15
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Revolutions in modern physics provides a basis for you to examine relative motion, light and m3
the limitations of classical physics theories that led to the development of the special th
and the quantum theory of light and matter. The development of the quantum theory
derivation of the standard model of particle physics are examined, while technologies

nd“investigation of a
Sbectric effect.

UNIT OBJECTIVES

By the end of this unit, students should be able to:

1. Describe ideas and findings about special . e processes, claims and conclusions
relativity, quantum theory and the Standard out special relativity, quantum theory and
Model. the Standard Model.

. Apply understanding of special relativity, . Investigate phenomena associated with
quantum theory and the Standard Mo special relativity, quantum theory and the

Standard Model.

theory and the Standard Model Physics 2025 v1.2 General Senior Syllabus © QCAA 2024
Interpret evidence about sp i

quantum theory and the da

<
&
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Special relativity
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SYLLABUS

DOT POINTS pe€d particles in particle accelerators.

Describe the concepts of frame of reference and inertial frame of reference.
State the two postulates of special relativity.

Explain how motion can only be measured relative to an observer.

Explain the concept of simultaneity.

Describe the consequences of the constant speed of light in a vacuum, e.g. time dilation
and length contraction.

Describe the concept of time dilation, proper time interval, relativistic time interval, length
contraction, proper length, relativistic length, rest mass and relativistic momentum.

Describe the phenomena of time dilation and length contraction, including examples of
experimental evidence of the phenomena.

State the mass-energy equivalence relationship.
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Solve problems involving time dilation, Iength contraction and relativistic momentum

usingt-m,L L [ ] Jmandgzmcz.

Explain the implications of relativistic momentum of objects increasing as they
approach the speed of light.

Explain paradoxical scenarios that may arise as a result of special relativity including
the twins’ paradox, flashlights on a train, and the ladder in the barn paradox.

SCIENCE AS A HUMAN ENDEAVOUR

+ Appreciate the significant contributions of scientists such as Albert Einstein and Am
‘Emmy’ Noether who furthered our understanding of relativity.

Explore how special relativity built upon the work of previous scientists and leg
the development of relativistic theories of gravitation, mass—energy equivalenCeg
quantum field theory.

Explore how special relativity leads to the idea of mass—energy equiva e, which has
subsequently been applied in nuclear fission reactors.

Physics 2025 v1.2 Genera jor@yllabus © QCAA 2024

Introduction

observations of the natural world. Newt
tested and found to be valid in all cir anc&¥” However, within the space of 30 years,
there would be a total transformaji®® of th ideas. Small, but significant, discrepancies
were beginning to be observed bgtweerfipredictions based on Newtonian physics and
e theory of electromagnetism by James Maxwell
Einstein then used some powerful ideas and

Ac_2s.meiits Worksheets
® Learning checks 51, 5.2, 5.3 ®* Name
> (Charter exam ® Name

- ® Name
r:«cticals

> Investigating the magnification of a
microscrope

@

To access resources above, visit

“ Ke N e l.SO n M | ndTap cengage.com.au/nelsonmindtap
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ASSUMED KNOWLEDGE

The speed of light in a vacuum is a constant: c=3x 108 m s™.

The Sl unit for time (t) is the second (s).

The Sl unit for energy is the joule (J).

The Sl unit for mass is the kilogram (kg).

The Sl unit for velocity (v) is metres per second (m s~') and can be calculated

<SS S S«

) s
using v:?.

<

The Sl unit for length (L) is the metre (m).
Momentum can be calculated using p = mv.
v Alight-year (ly) is the distance that light travels in one year in a vacuum.

LEARNING OUTCOMES

By the end of this chapter, you should be able to:

<

v describe observations of natural phenomena that cagffot he explained by classical
physics (e.g. the presence of muons in the atmosph nd ghe momentum of high-
speed particles in particle accelerators) and idgfitify s relativistic effects
describe the concepts of frame of reference anlg inértjgl frame of reference

v

v state the two postulates of special relati

v describe relative motion and calculategelatjydvefocity

v describe how special relativity wa @ bpal by Einstein using previous work done by
Maxwell and Lorentz

v explain how motion can onl pneasured relative to an observer

v

explain the concept of si @
v describe the consequ Ofthg’constant speed of light in a vacuum (e.g. time dilation
i Inematic and geometric principles
e dilation, proper time interval, relativistic time
interval, length.contr@gtion, proper length, relativistic length, rest mass and
relativistic ghomengium
v describgthphendmena of time dilation and length contraction, including examples of
| eVidence of the phenomena
ma€s—energy equivalence relationship and describe how it can be derived
. st energy and relativistic kinetic energy
scribe time dilation, length contraction and relativistic momentum
@ problems involving time dilations, length contraction and relativistic
momentum using:

t 2 mv
t=—2L— L=l 1-Y_ |, p,=—— and E=mc?
v? ¢ 1_v2
‘I—C—z CT

v explain the implications of relativistic momentum of objects increasing as they
approach the speed of light

v describe examples of experimental evidence for time dilation and length contraction

v describe the subjectivity of simultaneity

v explain paradoxical scenarios that may arise as a result of special relativity, including
the twins paradox, flashlights on a train, and the ladder in the barn paradox

v contrast classical mechanics with special relativity.
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Newtonian physics

Newton’s three laws of motion are the foundations of classical mechanics. The way
macroscopic objects act when coming into contact with each other are predictable based on the
known properties of inertia, momentum, force and action-reaction pairs. These descriptions
of motion, although applicable to all macroscopic bodies, cannot describe what happens at the
microscopic level. After many experiments, it was determined that there must be a new model of
physics to describe all the unknown phenomena. This is known as quantum physics, and this
new model accounts for all the discrepancies that classical mechanics cannot describe.

Muons in the atmosphere

At this stage, you are probably sceptical about an example that is not explained b

in mass.
The upper atmosphere is constantly being bombarded by energy from

extremely high speeds.
An experiment carried out on this phenomenon in the eqis19

and James Smith collected data that could not be explai i@ las$ical mechanics. Frisch and
Smith’s data showed that of the muons detected in the upp@g atmosphere, a large majority of
them were detected close to Earth’s surface, appr ly 6.5 km further down. Considering
the muon was travelling at almost the speedef d only exists for 2.2 us, the muons
should only be able to travel less than 1 knfbeffre aying. This observation was evidence
against classical mechanics and hence fadf in alm of quantum physics. Specifically, this
experimental result suggested that th&m haS undergone relativistic effects - muons do
not obey the time and space constyfints of NeWtonian physics.

by David Frisch (1918-91)

DESCRIBING

1 Describe effect.
ces between classical mechanics and quantum physics.

gprinciples of relativity and quantum physics were postulated more
an the laws of classical mechanics.

how muons in the atmosphere provide evidence for relativistic effects.

Frames of reference

Galileo was one of the earliest to comment on events observed in different frames of reference.
In his book Dialogues Concerning the Two Chief World Systems, Galileo described a thought
experiment in which a sailor drops an object from the mast of a sailing ship moving at a steady
velocity. He asked the question: “‘Where would the object land relative to the deck of the ship?’

9780170483704

classical mechanics
the study of motion
in accordance with
Newton'’s laws;

also known as
Newtonian physics

quantum physj
science of gto

n a type of
mentary particle
belonging to the lepton
family; an unstable
particle formed by
cosmic rays in the
upper atmosphere

«l
¢‘:

Weblink

Particles and waves: the
central mystery of quantum
mechanics

relativistic effect an
effect where time and
space are measured
differently when objects
travel at speeds nearing
the speed of light

(e.g. include time dilation
and length contraction)

V6%

Syllabus links
Chapter 14 of
Nelson QCE Physics
Units 1 & 2 discusses
Newton's laws

of motion.

Chapter 17 of Nelson
QCE Physics Units

1 & 2 discusses the
speed of light and
properties of light.

frame of reference a
framework in which
motion of an object is
described according to
a coordinate system; is
observational and can
be inertial or non-inertial
(accelerating)
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In his frame of reference, the sailor would see the object fall straight down parallel to the mast
(Figure 11.2.1a); however, a nearby observer on land (a different frame of reference) would see
the object follow a parabolic path (Figure 11.2.1b).

«l
o‘:

Weblink
Frames of reference

FIGURE 11.2.1 The path of a fa
(b) an observer on land

Later, Newton w; ag ith Galileo. He described frames of reference that were
inertial frame of stationary or moviag at cOgstant velocity as inertial frames of reference. Inertial frames of
::;::::g: 2 f\;:]rlr;i of reference do not cceleqgte. An inertial frame of reference is an ideal situation in which objects
Newton's first law at rest remajgat objects travelling at a constant velocity remain travelling at a constant
applies to a very good velocity. esgare a spaceship, a table and a cruising aeroplane. Non-inertial frames of

approximation, and there

has no acceleration erry-go-rounds and aeroplanes taking off or landing (changing velocity).

ical physics, the physics of Galileo and Newton, relies on the ‘sensible’ idea that inertial
ordinate systems are equivalent. That is, there is a set of translation rules to connect
measurements in one frame of reference (or coordinate system) to any other reference frame.
Consider Figure 11.2.2. This represents two frames of reference in two dimensions. The
privileged frame of reference, P, has coordinates (x, y). P is stationary with respect to a moving
reference frame, P’, with coordinates (x’, y"). The two coordinates can be made to coincide at
the same time, but then P’ moves further and further away from P. This motion depends on the
relative speed, v, of P’ with respect to P and the time elapsed, At, after the two frames coincided.
The time interval in each frame of reference is the same. That is, for classical physics, time
intervals are measured in the same way and occur at the same rate. Clocks in all frames of
invariant does not vary; is reference are identical in their time keeping. Time is invariant. Thus, At in P and At in P’ are
;?:n?g?e inallreference (] - the time interval is denoted as At.
Suppose an observer located at (0, 0) in frame P sees a rocket some distance y away. It
is travelling parallel to the x-axis at speed v (Figure 11.2.2). Initially (at ¢ = 0s), the rocket’s
coordinatesin P’ coincide with those in P. But as the rocket travels in P/, itsx” coordinates increase

276 NELSON QCE PHYSICSUNITS3&4 9780170483704



’ ) O

FIGURE 11.2.2 Two inertial frames that are moving relative to each other. P is regarded as the
stationary frame.

in the same time interval At, by vAt. This is just the distance between the two coordig 6\ stewgs.
Thus, the x coordinates in P relate to the x” coordinates in P’ by the Galilean trans

ation: Galilean transformation

for a two-dimensional

x =X +VvAt inertial frame of
.. . . . reference, P’, moving at
Similar arguments can be used to show that if the rocket is travell cegfl parallel to - speed in the
the y and y” axes: x-direction with respect
.y to another inertial frame,
y=y P:x=x"+vAtandy =y
The transformation equations rely on the relative speedggof t rames of reference. If

P’ had been chosen as the stationary frame, then P woulg 43‘ avalling at negative speed with

respect to P’. This needs to be taken into account in the &glilean transformation equations.

Finally, if the rocket was travelling with vector velg#ty&y, the tfansformation equations in the x
Q@@- of the velocity respectively.

and y directions require the use of the x and y cg

WORKED EXAMPLE 11.2.1

A car travels at 12 m s™ throughf@n intéisection. After 10 s, what is the position of the car with respect to the

a intersection? b car?

ANSWERS
a 1

Cajtulate the answer.
=120 m
The car has travelled 120 m with respect to the intersection.
Determine the privileged frame.
Consider the car as the privileged frame. The car has not moved with respect to itself.
x’=0m
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reference;
the first postulate of
special relativity

LEARNING CHECK 11.2

DESCRIBING

1 Define ‘inertial frame of reference’.

2 Write the Galilean transformation for an object moving at a constant speed in
the x-direction.

3 The path followed by an object dropped from the mast of a moving ship can appea
be both a straight line and a parabola. Explain why.

4 Explain the term ‘frame of reference’.

APPLYING
5 Abusistravelling at 172 m s™ past a stationary pedestrian. After h the
position of the:

a busrelative to the observer? b observe e to®he bus?

6 A train passes through a station at 20 m s™'. A person @n the tf@in walks towards the

front of the train at 2 m s™'. After 5.0 s, the person ed a distance from the
common origin on the train and station. What a orgfhates of the person with
respect to the:

a station? tragnh?

Remember to choose the stationary fram ing to the question.

(kY The tw tulates
of spéoraMelativity

As well as consi g a Nilor dropping an object from the mast of a sailing ship, Galileo
discussed the sit@ation 8f a person walking within the cabin of a ship. If the sailing ship moves
forwards f Sms™ relative to Earth, a person moving forwards at a velocity of
1ms™ cabin will be moving forwards at a velocity of 6 m s~ relative to Earth. The
i city of the person is different in each reference frame.
ding to Galileo and Newton, acceleration of a body will be the same in each frame
e, providing they are inertial frames. For example, in the sailing ship’s cabin, the
on may have accelerated from 0 to 1 m s™ in 0.5 s in the cabin, which is an acceleration of
ms~2. From the perspective of a nearby land-based observer, the person will have accelerated
om 5 to 6 ms™! in the same time frame, which is again an acceleration of 2 m s™.

Principles of classical relativity

The relativity principle states that the laws of physics are the same in all inertial frames of
reference. It can be shown that the laws of motion, including those for the conservation of energy
and momentum, are the same in all inertial reference frames. Observers in different inertial frames
would record different velocities and therefore determine different values of energy and momentum.
Nevertheless, they would agree that there had been no net change of either energy or momentum.
Consequently, they would agree on conservation of energy and conservation of momentum.

This suggests that there is no privileged inertial frame. No inertial reference frame is better than
any other. If you are on a train travelling at a steady velocity of 80 km h~" west across the Nullarbor
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Plain in southern Australia, it is quite valid for you to argue that, from your reference frame, you
are stationary and Earth is moving at 80 km h™* east. Providing your ride is smooth and at steady
velocity, there is no experiment you can perform to test whether you are moving or stationary.

Galileo wrote about this in his book, in which he discussed the example of a person observing
a range of movements in the cabin of a sailing ship that was sailing steadily at constant velocity.
He argued that the person would not be able to tell if the ship was moving or not. He believed
that there is no absolute frame of reference against which the velocities of all other frames can
be measured. In this he differed from Newton, who believed that the Earth-Sun system could
be considered the absolute frame of reference.

The following, can be agreed on.

« The laws of motion are the same in all inertial frames of reference.
« The laws of conservation of energy and conservation of momentum apply in all inerti

frames of reference.
« Allinertial frames are equivalent. All are equally valid.
These are represented within the postulates of special relativity.
KEY CONCEPT

The two postulates of special relativity

Einstein’s theory was based on the following two clear propo n as the two
postulates of special relativity.

1 First postulate: The laws of physics are the same in rtial frames of reference -
the principle of special relativity.

alue, ¢, in all inertial frames. It
or the observer.

2 Second postulate: The speed of light has t
does not depend on the speed of either j#fe s

Special relativity &

Albert Einstein (1879-1955) reflected) long and hard about what an electromagnetic
wave (travelling at the sp [© would look like if you travelled along with it. He
concluded that you wo nggehange in time; the wave would be stuck in time, but
it would continue to space. How could something change, yet no time pass?
To resolve this prg

special relativity the
physics theory about the
relationship between
space and time, which
is not explained by

) . .. . . . . Newtonian or Galilean
late of special relativity: The laws of physics are the same in all inertial frames of  relativity

- the principle of special relativity.

d postulate of special relativity: The speed of light has the same value, c, in all inertial
ames. It does not depend on the speed of either the source or the observer.

These postulates contradict a few of the ideas of Newtonian and Galilean relativity

presented earlier. The first postulate of special relativity excludes the possibility of there being ':‘:

a privileged reference frame. The second postulate contradicts the idea that, according to

different reference frames, different objects would have different velocities (such as the sailor Weblink
dropping an object on the boat). To elaborate on the second postulate of relativity, light will Einstein’s theory of

8 13 special relativity
travel at 3 x 108 m s™ in a vacuum, regardless of the speed of the observer.
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LEARNING CHECK 11.3

DESCRIBING

1 State the two postulates of special relativity.
2 How did Einstein’s postulates differ from the agreed-upon rules of relativity deduced by Galileo and Newton?

3 Compare how the speed of light in a moving inertial reference frame changes with that in a stationary inertia
reference frame.

Measuring motion

To measure how motion is considered in different reference , need to consider
the velocities of objects relative to each other. It is straightforwaRg#to consider the velocity of
an object when there is a stationary observer. For examplgf if a car %ravelling at 20 m s™! east

passes a person sitting on a bench, they will observe thi rayelling at 20 m s™* east. But if
relative motion the the person is walking at 2 m s east, then the relati t f the car will be different. The
motion of a moving relative motion of the moving car and moving persofdefenfl on whose reference frame is being
object according to a . .
moving observer; when considered at the time.

evaluating relative
motion, one reference

frame must always be Relative velocities

considered stationary

would observe the car aggr
this becomes much ompW¥k, and we need to consider vectors and how they compare to the
relative motion o bjectn different inertial frames of reference.

Take the exataple ofjan aeroplane flying from Sydney to Perth. At the cruising altitude of

out 10 km, there is nearly always a strong westerly wind that varies
ore than 300 km h™'. The direction of the aircraft’s movement is almost
o the direction of the wind. The westbound flight is scheduled at 4 h 25 min
.4.1a), while the eastbound flight is 3 h 50 min (Figure 11.4.1b). The aeroplane’s
lative to the ground, is higher on the way to Sydney than on the way to Perth.

Vplane to air Vair to ground
L]
>
Vplane toQgo to ground Vplane to ground Vplane to ground = Vplane to air T Vair to ground

Fl Vector addition showing the velocity of the plane relative to the ground is (a) smaller when the plane is
rave ainst the wind, known as a head wind and (b) greater when the plane is travelling in the same direction as the wind,
wWngls a tail wind.

The velocity of the plane relative to the ground is the velocity of the plane relative to the air
plus the velocity of the air relative to the ground. More generally, the velocity of A relative to B
is the velocity of A relative to C plus the velocity of C relative to B. This holds true for vectors in
two dimensions.

vAB = vAC + vCB

280 NELSON QCE PHYSICSUNITS3&4 9780170483704



KEY FORMULA

Vae = Vact Ves

where:

v,, = velocity and direction of object A relative to B (m s™)
v, = velocity and direction of object A relative to C (m s™)
v., = velocity and direction of object C relative to B (m s™) Q

Note that v, or v, may be negative relative to the positive reference direction.

WORKED EXAMPLE 11.4.1 O

An aeroplane is headed due north at a speed of 400 km h™". There is a westerly wind from the west) of

80 km h™.

a Draw a vector diagram to show the velocity of the plane relative to the groun
b What is the speed of the plane relative to the ground?

c What is the resultant velocity of the plane relative to the ground?

ANSWERS
a Draw a vector diagram showing the movement of an aeroplaneand impact of wind.
The vector diagram shows a plane travelling north, throug rly Vair to ground
wind. This results as a north-easterly direction of the (80kmh™")
b 1 Determine the formula.
From the diagram and Pythagoras'’s theorem:
V2 = Vplaneto air2 + Vplane to ground2
2 Substitute the known values. Vplane to air
(400 km h™1)

v2=4002+ 802 Vplane to ground

3 Calculate the answer.

2 _ 2 2

v? =,/(400% +80%) 0
=408 kmh™'

¢ 1 Determine the for

o we must find the direction.
ith tangent:

alculate the answer.
f#=tan'(0.2)
=11.3°
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LEARNING CHECK 11.4

DESCRIBING

1 State the formula for calculating relative velocity.

2 Explain whether the velocity of a moving train is the same in all reference frames.
APPLYING

3 Ataxiis travelling at 10 m s when a person nearby starts to walk towards it
A stationary person on the other side of the street also observes the situatio

the speed of the person nearby relative to the:

a
b

taxi?
observer on the other side of the road?

4 The tide is running south at 3.0 m s™. At the same time, a yachi ading east at

4.0 m s7" directly towards a buoy. What is the velocity of the
Include a vector diagram in your answer.

«@ ive to the shore?

5 A personrows at 1.0 m s through the water of a ggfer that is flowing at 0.5 m s™
north. The rower keeps the boat moving perpendic to e bank in an
easterly direction.

b

Draw a vector diagram to show the velocitygf thgfower from the reference frame
of a person on the bank.

Using your diagram, specify co te e velocity of the boat relative to

the bank.

SYNTHESISING

6 Consider the relative mgji on a highway. A police car is travelling south and
wants to know if any gf'thgn ound traffic is speeding. Explain how they would do
this. Compare thi d with a police officer standing on the side of the road with a

speed camera.

ultaneity

events happen simultaneously, they are said to happen at the same time. However,
y be considered a simultaneous event in one inertial reference frame may not be

idered simultaneous in another reference frame. Measurement of time in different

ference frames produces interesting results, not the least being that for simultaneous events.

The idea that simultaneous events happen at different times in different reference frames
argues against the existence of a universal time frame.

Consider a light positioned in the centre of a train carriage (Figure 11.5.1). At each
end of the carriage is a sensor or camera that can detect when the light is on or off. From
the perspective of someone inside the carriage, when the light turns on, both sensors will
recognise this at the same time; that is, simultaneously. Even if the train carriage is moving at
a constant speed, an observer inside the carriage will notice that both sensors detect the light
turning on at the same time.
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Reference frame T,

w

pa AN

5C %
X

Reference frame T,

w

& AN
N d

FIGURE 11.5.1 Reference frame T, inside a moving train. Light from the source reaches two

sensors A and B simultaneously when considered from the train (reference frameg).

Now consider a situation in which the train carriage is movingfat
velocity, v, relative to the platform. An observer on the platform (refer
train go past and can see the light globe and each sensor (Figure

<&

igh constant
e T) watches the

R

e

14
/
/@]\7
L

©0 C)

w O

B

AN

©0O ©0O

Reference frame T

IGURE 11.5.2 Reference frame T: view from the platform. (a) The light from the source at
time t has not reached either sensor A or sensor B. (b) The light from the source by time t’ has
reached sensor A, but has not yet reached sensor B. The external observer does not see the events
as simultaneous.
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simultaneity when

two events occur
simultaneously in one
reference frame but do
not occur simultaneously
in another reference
frame; occurs if the
reference frames are
moving close to the
speed of light relative to
each other
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As the train carriage moves past, the observer in reference frame T notices that the globe,
and sensor A are both on, but sensor B is off. In this reference frame, the observer sees sensor A
moving forwards to meet the light waves moving towards the globe, so sensor A is triggered
first. Sensor B is moving away from the light waves and hence takes longer to detect the light.
The simultaneous events in reference frame T are not simultaneous in reference frame T. It is
important to note that the speed of light in both reference frames is the same.

These events occur because simultaneity depends on the agreement of time measuremepnt
and time is relative. If Einstein’s second postulate were not true, then simultaneit
be agreed on across different reference frames. This seems to be against commog
experience. Because the speed of light is so much greater than ordinary speeds,
any evidence of timing problems in everyday life.

LEARNING CHECK 11.5

DESCRIBING

1 Define ‘simultaneity’.

ime in different frames
ing at close to the speed

2 Explain why simultaneous events cannot occur at t m
of reference when one of the frames of refereg€e isgga
of light.

3 Describe how, in the light on a train carri
simultaneous and non-simultaneou

nario, the events can be seen as

APPLYING

B, which are separated by a distance d. An observer
these two trees as a storm starts brewing. Each
ultaneously from the reference frame of the
observer. At this ggom acecraft travels past the trees from A to B at a velocity
close to the sp ligh®From the external spacecraft observer’s reference frame,
which tree the li@htning strike first?

4 Consider two trees, tree A
is positioned at the ce
tree is hit by a bolt ofgfgh

onsequences of a constant speed

ry of special relativity asks us to give up our Newtonian view of space and time and
t some very strange and puzzling ideas. To illustrate this, we will use a technique that
instein used himself: simple thought experiments (from the German gendanken) that are
based on the two postulates of special relativity. The example in the previous section of the light
on a train carriage was an example of a thought experiment: one that we are unable to carry out,
but which obeys the laws of special relativity.

Time
Assume two rockets, each travelling at 0.25c but in opposite directions, pass each other at the
instant they receive a light pulse from a distant pulsar (Figure 11.6.1). Observers on each rocket
attempt to measure the speed of this pulse of light by using sensors on the outside of the rocket
(A, and B, and A, and B, respectively).

Each rocket uses a timer and the distance between the sensors to measure the speed of
light relative to its own reference frame. Both rockets measure the speed of light at 3 x 10 m s™
relative to their respective reference frames.
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v, = 0.25¢

\

/

Pulsar N~

[T
v, = 0.25¢

FIGURE 11.6.1 Passing rockets both view light from a pulsar, but with different relative velocities.

Galilean relativity would have argued that the rocket heading towards the pulsa

carry out. However, we can conceive of such a scenario and use logic and Eiffstein’s pO8tulates
fopthe light to
the speed of

to relate what each observer would see or measure. In this case, the time
travel between sensors A and B on each ship is the same, and each wi
light as c.

Consider another experiment using a train. The train (a rail cRfwg t ase) is running on a
smooth track at high velocity v relative to the ground. On o rigge, a pair of mirrors m and
m, is set up so that a series of light pulses can bounce bac orti®between them. Observer A
is standing on the carriage with the mirrors, and observer B iSgtanding

1.6.2). Both
watches that
ey both agree

on the ground nearby, watching the train pass (E#uré

observer A and observer B have identical, veryacu
are capable of measuring very small time ingfemghits.
that the distance between the two mirrogf’is .

Observers A and B both measure*theNgime it takes for the light

to travel between the mirrors. QPbserver A“sees the situation as a
simple path of light between ghe Yo mirrors (Figure 11.6.3a), and
hence measures the time itak#d for the light to travel from m, to
. N o .
m, and back again as m t = —). As the train is moving Observer B
v

very fast, observe e8§, the situation quite differently. From their
the mirrors results in the light pulse

i #imle (Rigure 11.6.3b). Because both mirrors are moving
@ he right relative to observer B, she measures the

pui€e to move from m, to m, and back again as time ¢.
One Ralf offthe journey forms a right-angled triangle with sides of

ct . .
, — and —, as ¢ is constant in all reference frames.

Observer A

o
X

2 2 FIGURE 11.6.2 A passing high-speed rail cart

sing Pythagoras’ theorem, we can relate the time interval that
server B records for this light pulse to happen to the time observer A records as follows:

55
5T
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a Observer A's b Observer B's

T my m,
N
_ %
Y=
%
| E—— B T
FIGURE 11.6.3 An event (light reflecting between two mirrors) as romYa) observer A's
reference frame and (b) observer B's reference frame
2
t Q/
v (C2 _ v2 ) WZ
4
e
_w
c
2
v 2w
c c
2
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C) ’
t,
)
==
c
proper time the time ver A’s measurement { is called the proper time because the measurement from
g:/t:r:‘t’zlot:itl‘f::i; ;",‘("t’h ver A was taken in the frame of reference in which the event was occurring. Observer B,
same place in an inerti ho is observing the carriage moving past them, observes that the time ¢ they recorded as longer

than the time ¢ that observer A recorded. Observer B’s time measurement has been dilated.
Einstein argued that the postulates of special relativity led to the understanding that observers
in different inertial reference frames would not agree on time measurements. Time dilation
is only significant when inertial reference frames are moving relative to each other at speeds

close to the speed of light. Time dilation is not encountered day-to-day, as the velocities that
2
are observed daily, v, are much smaller than ¢, meaning that v_z tends to zero, and ¢ = t. Time

dilation is a consequence of events occurring at speeds close to the speed of light, including
those travelling at the speed of light.
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KEY FORMULA

Relative time

The relative time relates to the proper time through the Lorentz factor,¥=

=l

5

Length

. The Lorentz factor increases as v approaches c.

If time measurements are different relative to different inertial frames, what happen

contraction is only observed when v is close to c. At ordinary speeds
therefore, L = L,. The relative length is also known as the contracte@ le

KEY FORMULA

Length contraction

Length contraction relates to the proper lengthgth

2
L=L, [1_‘/_2]. Length contraction is'ex
\J G

DESCRIBIN

1 Doestj

viewi

ent moving close to the speed of light?

Lorentz factor, y=

proper length length
measured in an inertial
frame of reference in
which the object is
stationary (L,)

length contraction length
measurements are
shorter in a reference
frame that is moving
relative to an inertial
frame

, thus
relative length length

measured in an inertial
frame of reference in
which the object is
moving relative to the
direction of the length (L)

1
2
C2

jenced in the direction of motion only.

jon cause a time interval to increase or decrease when an observer is

2 contraction cause the length of an object to appear longer or shorter
hen @n observer is viewing an object moving close to the speed of light?

3 ‘proper time”.

4 fine ‘proper length’.
Explain why time dilation and length contraction are not observed in our day to
daily interactions.

6 Rearrange the time dilation formula, t=t7°, to make the proper time the subject
of the equation. 1_ﬁ

C2
7 Rearrange the length contraction formula, L=L, [pé} to make the proper length
V G

the subject of the equation.
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Time dilation, length contraction
and relativistic momentum

To gain a clear understanding of special relativity, a few terms need to be defined in order
find their quantities mathematically. So far, we have understood that there is a time dilatio,
length contraction associated with reference frames moving at close to the speed of li
understand these, we have had to define proper time and proper length, quantities t

be observed when measured in the frame in which the event is occurring.

Time dilation O

ot Time dilation is only significant when inertial reference frames ar lative to each
’|: other at speeds close to the speed of light. As previously derived, t ilMjon can be expressed
mathematically as:
Weblink t = fo
Time dilation - Einstein's )
theory of relativity explained 1- L
Time measurements depend on the frame gf re in which they are made. A clock in
an inertial frame that is moving relative to a clo econd inertial frame will be regarded as

running slow. This means that the time

interval for the stationary clock. 5
phe recipPocal of the term |1 — 1)_2 is called the Lorentz
& s

Lorentz factor the In the time dilation equatio
factor by which both v

the factor — as 3, such that the Lorentz factor can be
c

al{for the moving clock is greater than the time

time dilation and length factor, y. It is also common
contraction are affected

when v approaches ¢ simplified to 1 .
1- p%
KEY FORMULA @: KEY FORMULA
Time dilation Q~ Lorentz factor
_ t 1
- v2 % = v2
B

2

G
where:
where:
t =dilat e, m@asured in the frame of a moving observer (s)
y= Lorentz factor
t,= e, measured by an observer in the inertial reference frame (s)

o8y of the inertial reference frame (m s™)
= speed of light (3x 108 m s™)
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This allows for time dilation to be expressed as ¢ = yt,. Table 11.7.1 demonstrates how 7, and
hence time dilation, changes as v approaches c.

TABLE 11.7.1 Approximate values of the Lorentz factor, y, for various values for j3, v

Cc
0 1

0.0010 1.000 0005

0.010 1.00005

0.10 1.005 O
0.20 1.021

0.50 1.155 Q
0.80 1.667

0.90 2.294

0.94 2.931

0.99 7.089

0.999 22.

Proper time interval

Y
Proper time is the time interval between two eve 20’_ N
place in an inertial frame, as measured by an ohs
Refer to observer B and observer A from se 15 4
observer B is not the proper time, beca is not travelling with
the mirrors. Now consider what wou pen¥t the mirrors were on the 10
platform with observer B and the ¢ imentWas repeated. Observer A could
argue that their train was statjgndty andythat observer B was moving at —v 5
with respect to them. This nsge d find that observer B’s clock is slow 1 «
compared to his. How d ongife these two observations? 0 0f5 1fo 1f5 210 2f5 3:0 315 ’
Time dilation is ement in different inertial frames; it is a V(108 ms™)
result of relative t between the frames. The clocks do not physically
change. Time di ut what an observer in one frame measures about | CURE11.7.1 A graph of yagainst v.

Note the variation of the Lorentz factor as

nd it must be reciprocal because there is no absolute the velocity approaches the speed of light.

an event in SR
frame of re @

b0 D EXAMPLE 11.7.1

pilot in a rocket travelling with a velocity of 0.250c presses a button to flash a light for period of 5.00 s at a space
station as the rocket passes. How long is the flash seen by an observer on the space station?

ANSWER
1 Determine the formula.
t
t_ 0
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2 Substitute the known values.

t= 5.00s
] (0.250¢)?
N
3 Calculate the answer.
t= 5.00 s
\0.9375
=516s

This is relativistic time due to the reference frames moving so fast relative to each other.

The observer in the space station views the rocket travelling towards it at a velocity of 0.250c. F
viewpoint, the clock on the rocket will be seen to run slowly compared to the one in the spa
observer regards a clock that is moving relative to their frame of reference as running sl

relativistic time time Length contraction and proper length

dilation observed due to
objects moving at very All observers will measure an object moving at relativisti dsgs being shorter or contracted

zggchhzﬁﬁifit)rela“ve to in the direction of relative motion than when the obj his phenomenon is known as
I,

2
_Y ], orsimply L = .
Y

length contraction and is represented as followgg Vv
2

KEY FORMULA

Length contraction

L = lengthof tRg objeft measured by an observer who is moving at constant velocity relative
j ertial frame (m)

, the length of the object at rest (m)
ocIty of the object relative to the observer (ms™)
aspeed of light (3x 108 m s™)

relativistic length leng
contraction due t
objects moving
high speeds rel
each other

Proper length of an object is best measured at rest, or else in the frame of an observer moving
with the object being measured. The length contraction or relativistic length is only observed
when reference frames are travelling at very high speeds relative to each other.

very
jve to

WO,KeD EXAMPLE 11.7.2

a An observer on the Moon notices a spaceship travelling past at a speed of 2.08 x 108 m s™'. The spaceship has a
proper length of 120 m. What length will the observer on the Moon measure the spaceship to be?

b A crewed mission is to be sent to a newly discovered exoplanet 8 light-years away. Their spacecraft will travel at
a velocity of 0.5¢ to get there.
i According to the mission crew, how far away from Earth is the exoplanet?
ii According to the mission crew, how long will the journey take?
iii According to the mission command on Earth, how long will the journey take?
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ANSWERS
a 1 Determine the formula.

2 Substitute the known values.

L 120 [1_(2.08><108)2] Q%
(3.00x10°)? O

3 Calculate the answer.
L=120x0.72

=86.5m O
b i 1 Determine the formula. Q~
2
L=L, (1 _ V_J
CZ

2 Substitute the known values.

L=8 (1_(0'50)2] 0
CZ

3 Calculate the answer.
L=81lyx0.866
=69ly

ii 1 Determine the formula.
L

crew
crew

2 Substitute the known valu
¢ = 6 ly

0.5¢

3 Calculate the angf¥er.
t.., =14 years

cre

iii 1 Determir@ a.
tEarth

2 the known values.

e
ly

0.5¢
3 JCalculate the answer.
t._ =16 years

Earth

est mass

Length and time have been shown to have values that depend on the relative motion of the
observers. The third fundamental physical quantity is mass. From energy and momentum
analyses, Einstein deduced that the mass of an object will be relative, and will depend on its
relative speed as follows:
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rest mass the mass

as measured when the
mass is stationary in
an inertial reference
frame (m,); also known
as proper mass and
never changes

relativistic mass the
greater the relative
velocity, the greater
the relativistic mass:
m=ym,; also known
as relativistically
corrected mass

where: m = rest mass, as measured when the object is stationary in an inertial reference frame

m = measurement of its mass in a reference frame moving in relation to a stationary
frame and is known as the relativistic mass.

KEY FORMULA

m,

where:

m=

m = rest mass (kg) O

m, = relativistic mass (kg)

v =speed of the moving inertial frame of reference (m s™)

This means that as the velocity of an object appr, hegfpeed of light, the mass of the

object will greatly increase. There is an ultimate vel@CitygA®8w dpproaches c in size, yapproaches
zero, and m will be very large in size. If v was great ¢, then the term would result in the

¢ = speed of light (3 x 10 m s™)

square root of a negative number from which is an invalid result. This implies that

the speed of an object with non-zerg rest mags cannot be equal to, or exceed, the speed of light.

It appears that the speed of lig @ timate speed limit in the physical world.
WORKED EXAMPLE 11.7.3 &@

a What is the relativistically corrected ghass of an%electron whose speed is measured to be 1.8 x 108 m s'? Rest

mass of an electron is 9.109 x 103"
b Atwhat speed is a particlem g it ativistic mass is five times larger than its rest mass?

ANSWERS

a 1 Determine the fo
/ 1-

2 Sulpstituteithe known values.
x 107

- (1.8x108)?
(3x108)?
Calculate the answer.
m=1.1x1073%g
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b 1 Determine the formula.
m=ym,
2 Rearrange to find the unknown.

Y=—
m,

3 Substitute the known values.

Sincey=5

5.1
v2

4 Calculate the answer. O
2
-2 =0.04 Q~
®

=0.9798

v=2.4x10® ms™

Relativistic momentum

Now that we have a definition for relativj assgwhat does this mean about momentum?
Special relativity uses the classical e on p v. However, m is now the relativistic mass
whose magnitude depends on the ity Ofthe mass. This means that the magnitude of the
relativistic momentum of an object is gjven by: relativistic momentum
the momentum of a
mgyv Do particle due to the

= relativistic motion at high

) 2 relative speeds (p,)
C C

V5%

Syllabus link
Chapter 14 of Nelson
QCE Physics Units

1 & 2 discusses
momentum and
impulse.

where:

p, = relativistically corrected momentum (N s)
p, =momentum calculated from the rest mass in (N s)
v = velocity of the object relative to the observer (m s™)

¢ =speed of light (3x 108 m s™)
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WORKED EXAMPLE 11.7.4.

What is the relativistic momentum of an electron whose speed is measured to be 2.0 x 108 m s7'? Rest mass of an
electron is 9.109 x 103" kg.

ANSWER
1 Determine the formula.

_ myv

p,=—F—
-5
2 Substitute the known values. O
pv=9.109><10‘31><2.0><‘IO8 Q~
J[1_ (2.0x10°)? ]
(3.0x10%)?
3 Calculate the answer.

p _1822x107
Y 0745

=2.446x10% N's

LEARNING CHECK 11.7

DESCRIBING

1 Write the equations for time dilation and lep@th tragftion.

2 Write the equation for determining relatifsti§momentum.

APPLYING

3 A spacecraft has a proper len 0T Tt travels past an observer at 0.6¢c. What is its length in the observer’s
frame of reference?

4 Atrain carriage travels an observer outside the carriage, it fits exactly between two markers, P and
Q. To an observer OQU does the carriage appear to fit exactly between P and Q? If not, what can you

different frames of reference?

conclude about e

ass of a proton travelling at 0.65c, if its rest mass is 1.673 x 107?” kg?

t an average velocity of 0.4c to an exoplanet 4.4 light-years away.

distance from Earth to the exoplanet in the frame of reference of the spacecraft?
difference between the times taken from Earth'’s perspective and the perspective of

at is the relativistic momentum of a proton whose speed is measured to be 0.1¢c?

ANALYSING

10 A pion has a mean lifetime of 26 ns in Earth'’s inertial frame of reference. What is its mean lifetime in the pion’s
frame of reference if it has velocity v =0.75¢?
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